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Abstract
The production of η and η′ mesons in photon- and hadron-induced reactions on free and quasi-
free nucleons and on nuclei is reviewed. The extensive database on γN → ηN , for both proton
and neutron targets, is described in detail and its implications for the search for N? resonances
much heavier than the dominant S11(1535) discussed. Though less is currently known about the
production of the η′ or of ηpi pairs, these also offer tantalizing prospects in the search for the
missing isobars. The more limited data available on pion-induced production are still necessary
ingredients in the partial wave analysis discussed.
The production of the η-meson in pp and pn collisions shows once again the strong influence of
the S11(1535) isobar, which is in contrast to the relatively weak behaviour seen near threshold for
η′ production. This difference is reflected in the important final state interaction effects of the η
in nuclei that may even lead to this meson being “bound” in some systems. The evidence for this
is reviewed for both γA and pA collisions. The inclusive photoproduction of η, η′, and ηpi pairs
from nuclei provides further information regarding the production mechanism and the interaction
of the η and η′ with nuclei and the ηpi pairs may even allow access to low mass ηA systems that
are forbidden in direct single-meson photoproduction.
1 Introduction
Although the isovector pi and the isoscalar η and η′ represent the non-strange members of the fun-
damental pseudoscalar meson nonet, their interactions with nucleons are dramatically different. The
s-wave piN interactions are very weak and at only a few MeV above threshold the p-wave, driven by the
∆(1232) isobar, starts to dominate. In complete contrast, the S11 N
∗(1535) resonance sits very close
to the ηN threshold, which means that the s-wave ηN interaction is extremely strong and its effects
are felt in many of the phenomena discussed in this review. Finally, there is far less unambiguous
evidence for isobars that have large decay widths into the η′N channel so that one would expect the
near-threshold behaviour of η′ production to be very different from that of the η, and this is precisely
what one finds.
This review is concerned with the production of η and η′ mesons with both photons and hadronic
probes. Earlier articles have surveyed various aspects of the field [1, 2, 3, 4, 5], but possibly with not
such a wide remit. Our primary thrust will be to discuss physics phenomena rather than the details
of theoretical models. The first part of this survey is concerned with elementary reactions, by which
we mean production reactions that involve only a single nucleon. It is immediately apparent here that
the sad lack of secondary pion beams in the world compared to the richness of possibilities offered at
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electron machines means that the vast majority of the new data in this field were obtained with photon
(or electron) beams. This imbalance has, of course, to be reflected in our review.
Because of its large mass and isoscalar nature, the ηN system has a very important role to play in
the search for the missing N? (I = 1
2
) isobars. This search would be simpler if one had a complete
set of measurements of the pi−p → ηn reaction, because there is here only one isospin channel. In
photoproduction there are contributions from both isoscalar and isovector photons (plus interference
terms) so that an experimental programme involving (quasi-free) neutrons is completely essential to
resolve some of the ambiguities. Nevertheless, the rich collection of photoproduction data, both current
and under analysis, involving both polarized photons and nucleons, means that these results largely
dominate the partial wave analyses. Though there are data also on the photoproduction of both the η′
and ηpi pairs from nucleons, these have yet to have their full impact on the search for heavy nucleon
isobars.
Once the η meson has been produced, it interacts very strongly with nucleons and this is seen in its
photoproduction off light nuclei but possibly even more clearly in nucleon-nucleon or nucleon-nucleus
reactions. The interaction is so strong, and attractive that it might even lead to the formation of quasi-
bound states of an η meson with a nucleus. The evidence for this is reviewed in both electromagnetic
and hadronic reactions. The searches above threshold suggest that such a state might exist for a light
nucleus such as 3ηHe, though no evidence for this is found from other decay channels looking in the
bound state region.
Though the beam intensities can be very strong, and one is not hindered by the suppression as-
sociated with the fine structure constant, proton-induced reactions have a serious problem with the
enormous total hadronic background. This is especially troublesome if one cannot trigger on a clean η
signal and there have been few experiments with heavier nuclei. On the other hand, the selection rules
in coherent (γ, η) reactions strongly hinder most direct searches for mesic nuclei but this will not be
the case for the (γ, ηpi) reactions that can be measured on nuclei as well as nucleons.
Much less is known about the production and interaction of the η′ meson. Photon-induced trans-
parency measurements suggest that the interaction with nucleons is weakly attractive but data from
pp → ppη′ near threshold find little indication for any significant η′p interaction. This point is very
relevant in the discussion of possible quasi-bound states of an η′ with a nucleus.
2 Elementary reactions
In this section we summarize the basic properties of the production of η and η′ mesons from free and
quasi-free nucleons using photon and pion beams. Production reactions off the proton can be studied
with the free protons contained in hydrogen targets. But, in the case of photon-induced reactions, the
disentanglement of the isospin composition of the reaction amplitudes requires also measurements off
neutrons. This is only possible in quasi-free kinematics with neutrons bound in light nuclei, in particular
the deuteron. Therefore we discuss here reactions with both free protons and also quasi-free nucleons
from light nuclei, when the aim is the study of the elementary cross section for neutrons.
2.1 Production in γN reactions
Photon-induced reactions have cross sections that are typical for electromagnetic interactions and are
thus much smaller than those for reactions induced by hadrons via the strong force. However, over the
last two decades a large effort has been made to study meson production reactions with real (tagged
photons) or virtual (electron scattering) photon beams with experiments at modern electron-accelerator
facilities. Experiments such as Crystal Barrel/TAPS [6, 7] at ELSA [8] in Bonn (Germany), the CLAS
detector at Jlab in Newport News [9] (USA), the GRAAL facility at ESRF in Grenoble [10] (France),
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the Crystal Ball/TAPS setup [7, 11] at MAMI [12] in Mainz (Germany), the LEPS facility at SPring-8
in Osaka [13] (Japan), and the GeV-γ experiment at LNS at Tohoku University [14] in Sendai (Japan)
have dominated this research. A short overview of these experiments is given in [5].
As a consequence of these efforts, for many final states the precision of the results from electromag-
netic production reactions may now be as good or even better than those from hadron beams. This is
particularly true for the production of η and η′ mesons. As a side remark, for these two mesons photon-
induced production off protons (which is a very ‘clean’ production reaction) even becomes important for
the investigation of (rare) meson decays. Recent results from this programme at MAMI for η mesons
include measurements of the slope parameter for the Dalitz plot of the η → 3pi0 decay [15, 16], of the
η transition form factor from the η → e+e−γ Dalitz decay [17], and of the rare η → pi0γγ decay [18].
Programmes for the study of rare η′ decays are under way at ELSA and at MAMI.
In the meantime, the GRAAL experiment has been shut-down and the CLAS detector has stopped
data taking and is under preparation for the Jlab 12-GeV upgrade (though many observables measured
by CLAS for different reactions are still under analysis and will only become available over the next few
years). Programmes for the measurement of single and double polarization observables are still under
way at the ELSA and MAMI facilities, where the emphasis is gradually shifting towards the neutron
target. These two experiments will fill the gap in the data base for photoproduction reactions with
more than one neutral particle (nucleon or meson) in the final state.
The experimental approaches at these laboratories were in general different (and complementary),
especially for the reactions discussed in this review (γN → Nη, γN → Nη′, γN → Nηpi). The main
features of the facilities that are most important for the experiments discussed here are:
• The CEBAF Large Acceptance spectrometer (CLAS) [9] was housed in Hall B of the Thomas
Jefferson National Accelerator Facility in Newport News. This experiment was optimized for the
detection of charged particles (protons, charged pions,...) using a magnetic field. The resolution for
the momenta of charged particles was thus superior to the other experiments. Neutral particles,
such as neutrons or mesons decaying into photons, could only be identified via missing-mass
analysis (only a small fraction of the total solid angle at forward angles was equipped with an
electromagnetic calorimeter and this provided only a very restricted acceptance for photons).
This experiment therefore achieved excellent performance for final states with not more than one
neutral particle but could not measure final states with neutral meson production off neutrons
or pairs of neutral mesons (e.g. pi0pi0 or pi0η). The maximum electron beam energy was 6 GeV;
linearly and circularly polarized beams and longitudinally and transversely polarized targets have
been used.
The other experiments avoided magnetic spectroscopy and employed electromagnetic calorimeters with
(almost) 4pi coverage for the detection of photons, charged hadrons (protons, charged pions,...), and
neutrons. For these experiments the reaction identification is based on combined invariant and missing-
mass analyses (kinematic fitting is often used for the proton target).
• Crystal Barrel/TAPS at ELSA: the combination of the Crystal Barrel (CBB, CsI(Tl) scintilla-
tors) [6] detector with the TAPS calorimeter (BaF2 scintillators) [7] provides a device that can
detect and identify photons and recoil nucleons over almost the full solid angle. However, in
the configuration used up to now, only a small part of the calorimeter (at laboratory polar an-
gles below 30◦) provided trigger information, because only this part (TAPS forward detector and
CBB forward plug) was equipped with photomultipliers. The main part of the CBB was read
out by photodiodes, which did not deliver timing and trigger information. Additional trigger
information was derived from a detector for charged particle identification that surrounded the
target. Thus, for measurements with a free proton target, the recoil proton provided the trigger.
Measurements off quasi-free neutrons were so far only possible for high-multiplicity final states
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(such as η → 3pi0 → 6γ or η′ → pi0pi0η → 6γ), for which the probability of some photons hitting
the calorimeter at small angles is sufficiently large. Currently the CBB is undergoing an upgrade
(readout with Avalanche Photodiodes) which will eliminate this restriction. The maximum elec-
tron beam energy is 3.5 GeV; linearly and circularly polarized beams are available and transversely
and longitudinally polarized targets have been used.
• Crystal Ball/TAPS at MAMI: The detector setup is very similar to that at ELSA, also covering
almost 4pi with the Crystal Ball (CBM, NaI scintillators) [11] and using TAPS as a forward wall
(the TAPS calorimeter has been split into two parts, allowing simultaneous experiments at ELSA
and MAMI). Since the Crystal Ball modules are equipped with photomultipliers, this detector can
trigger on photons over the full solid angle covered. It is thus capable of also measuring reactions
with low photon multiplicities off quasi-free neutrons such as γn → nη → nγγ. The maximum
electron beam energy is 1.5 GeV; polarized beams and polarized targets are available.
• The GRAAL experiment: The central detector component [10] was also an electromagnetic
calorimeter constructed from BGO modules (covering polar angles from 25◦ to 155◦) combined
with forward detectors (wire chambers, time-of-flight hodoscopes from plastic scintillators, lead-
scintillator sandwich) used mainly for recoil nucleon detection. In contrast to the previous exper-
iments, which all used bremsstrahlung beams, GRAAL located at the ESRF in Grenoble, used
laser backscattering. The maximum photon energy was 1.5 GeV; linearly and circularly polarized
photon beams were available, but no polarized targets were used.
• The BGO-OD experiment at ELSA: This experiment [19] is still in the setup phase. It is mentioned
here because experiments to search for η′ mesic states have been suggested for this unique facility
[20]. The main components are the BGO calorimeter, previously used in the GRAAL experiment,
and a dipole magnet (and tracking detectors) at forward angles. It will thus combine an almost
4pi coverage for photons with magnetic spectrometry for forward-going charged particles. These
features allow an efficient detection of neutral mesons, using invariant-mass analysis for their
photon decays, together with high-resolution momentum spectrometry for recoil protons.
The main motivation for the study of photon-induced meson production off nucleons is the investi-
gation of the excitation spectrum of the nucleon, which is one of the most important testing grounds
for Quantum Chromodynamics (QCD) in the non-perturbative regime (see [21] for a recent summary).
In the past, most information about excited nucleon states was gained from pion scattering; even today
most states listed in the summary tables of the Review of Particle Physics (PDG) [22] were ‘discovered’
in this reaction. Only in the last update of the PDG [23] a few states also appear that were first reported
from photon-induced reactions. This situation will change drastically in the near future when the large
body of data from photon-induced reactions become available, not only for the Npi channel, but also
for many other final states.
Photoproduction of η and η′ mesons is complementary to the Npi final state in several aspects. The
isoscalar η, η′ are only emitted in the decay of isospin I =1/2 N? resonances. Furthermore, due to their
large mass, the number of contributing partial waves at a given incident photon energy is more limited
than for pions. This not only simplifies the model analyses, but it makes these mesons particularly
promising tools for the study of low-spin N? states at reasonably high excitation energies. Such states
are at the core of the ‘missing resonance’ problem: many more states have been predicted by nucleon
models than have been so far observed experimentally [22]. For most quantum numbers only the lowest
lying state has so far been observed in experiment though models predict many higher lying states.
The photoproduction of piη pairs, like double pion production, aims at the study of excited nucleon
states that have only a small branching ratio for direct decay to the nucleon ground state but decay
in a cascade via an intermediate excited state. In such a cascade decay, isospin conservation allows η
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emission for N? → N (?) and ∆? → ∆(?) transitions, while all combinations are possible for the pion
emission. As discussed later, this reaction offers interesting possibilities for the search for η-mesic states
for nuclei for which coherent production of single η mesons is forbidden or suppressed.
Photoproduction reactions off protons can be studied with hydrogen targets (typically liquid H2).
However, since the electromagnetic interaction is charge dependent, measurements off the neutron are
also required. The isospin decomposition for photoproduction of isoscalar mesons like the η and η′ is
simple; the amplitudes for the reactions off protons and neutrons are:
A(γp→ ηp) = (AIS + AAV ) (2.1)
A(γn→ ηn) = (AIS − AAV )
with the (photon) isoscalar and isovector amplitudes AIS and AIV . The data base for reactions with
neutrons in the initial state is so far much more limited than for the corresponding reactions off protons.
Since free neutrons are not available, it is unavoidable to extract the information about the elementary
γn → Nx reactions (N : nucleon, x: any meson or mesons) from experiments using nuclear targets.
Such measurements are technically more challenging and, for the interpretation of the results, several
complications must be taken into account.
The experimental issues arise from the necessary coincident detection of the recoil nucleons. Ex-
periments based on magnetic momentum analysis of the produced particles are therefore limited to
final states with charged mesons (e.g. γn→ ppi−). Electromagnetic calorimeters that cover large solid
angles are much better suited for this purpose. However, even in this case, neutron detection (with
typical efficiencies on the order of 10-30%) reduces the statistical precision of the results compared to
the corresponding measurements off proton targets. The neutron detection efficiency, and the possible
contamination of the neutron sample with misidentified protons, introduce additional systematic uncer-
tainties. The statistical quality of the data achievable has been much enhanced over the last few years,
mainly due to the ever increasing speed of the data acquisition systems (this is in particularly true for
experiments such as Crystal Ball/TAPS at MAMI, where the primary beam intensity can be increased
to whatever values the detection system can cope with). Even measurements of double polarization
observables off neutrons are thus feasible.
Systematic effects from the detection of the recoil neutrons are most important for cross section
measurements (they cancel at least partially in asymmetries). Although the Monte Carlo codes (mostly
Geant4 [24]) used for the simulation of detection efficiencies include special program packages for neu-
trons, these are not as precise as for protons and by no means as precise as for electromagnetic showers.
Precision can be increased by comparing the simulated detection efficiencies to measurements using, for
example, reactions like γp → ppi0, γp → pη (for recoil protons) or γp → npi+, γp → npi0pi+ (for recoil
neutrons) with free protons targets, where the detection efficiency as function of the nucleon momen-
tum and polar angle can be directly determined from the ratios of events with and without coincident
nucleons.
Most experiments with light nuclear targets (deuterons, 3He) discussed below used, in addition,
the internal consistency of the data. For this purpose the cross sections of the two exclusive reactions
γd → xp(n) (σp) and γd → xn(p) (σn) (x: any meson or system of mesons, p,n detected participant
nucleons, (n),(p) non-detected spectator nucleons) are compared to the cross section σincl of the inclusive
reaction γd→ xX (X: candidate for recoil proton or recoil neutron or not present). The inclusive cross
section accepts all events, independent of whether a candidate for a recoil nucleon was detected or not.
It thus includes, for example, the roughly 70 - 90% of events with recoil neutrons that escape detection.
For most reactions discussed below the cross section of the coherent process γd → dx is negligible (or
can be determined and included in the comparison) so that σincl = σp + σn must hold. Since σincl is
independent of recoil nucleon detection efficiencies this comparison provides a powerful cross check.
The interpretation of the results obtained in quasi-free kinematics is complicated by two factors. All
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results depend on the momentum distribution assumed for the bound nucleons and final state interaction
(FSI) processes may obscure the properties of the elementary reactions off free nucleons.
The importance of Fermi motion effects can vary significantly. For example, cross section measure-
ments at energies away from the production threshold of the investigated process will be only somewhat
smeared out with respect to the free reactions. In regions where the cross section does not show sharp
variations or narrow structures, such effects can easily be accounted for by folding model results with
the assumed nucleon momentum distributions. On the other hand, fast variations of the cross sections
can be strongly suppressed and asymmetries can be significantly modified by the Fermi motion.
For differential cross sections and asymmetries it is important to extract the meson polar and
azimuthal angles in the true photon-nucleon centre-of-momentum (c.m.) frame, taking into account the
incident nucleon momenta, so that the z-axis is no longer along the photon beam axis. Fortunately,
most experiments allow a complete kinematic reconstruction of the Fermi momenta. For a typical
γd→ xN1(N2) reaction the kinematics of the initial state (photon with energy Eγ moving along beam
axis and hitting a deuteron at rest) is completely determined. In the final state the three-momentum
~px and the mass mx of the meson (or system of mesons) x are known. For the detected participant
nucleon N1 all angles and its mass are known. This means that the direction ~pN1/|~pN1| of its momentum
is measured. In the case of recoil protons, their kinetic energy can often also be extracted from the
energy deposition in the calorimeter, but this is not true for recoil neutrons. Finally, for the undetected
spectator nucleon (N2) only its mass is known. This means that four kinematic quantities in the
final state - the kinetic energy of the participant nucleon and the three-momentum of the spectator -
are missing. These four quantities can be extracted from the four equations that follow from energy-
momentum conservation. The four-momenta of all three final state particles can thus be reconstructed
and used to determine the effective c.m. system and the effective total energy W in that system in
plane-wave approximation. The only disadvantage of this method is that the extraction of W depends
on the experimental resolution (angles, deposited energies) of the production detector while, for tagged
photon measurements off free protons, it depends only on the momentum resolution for the scattered
electrons in the tagging device, which is usually much better (for example for Crystal Ball/TAPS at
MAMI a few MeV from tagging compared to a few 10 MeV from kinematic reconstruction).
Final state interactions between the two recoil nucleons, a nucleon and a meson, or even three-
particle effects, show two completely different faces for the research reviewed in this paper. For the
measurement of elementary reactions off neutrons discussed in this section, they present difficulties that
must be understood and corrected for as far as possible. On the other hand, FSI effects offer the only
access to the interaction of short lived mesons (which cannot be prepared as secondary beams) with
nucleons. The experiments aiming at meson-nucleus bound states discussed later in this review are
entirely based on meson-nucleon (meson-nucleus) FSI.
The influence of FSI on the elementary reactions is so far not very well understood. It depends
strongly for example on the reaction channels and its effects are also probably rather different for
different observables for the same reaction channel. Experimentally one can, of course, get some infor-
mation about FSI effects from a comparison of the results for a quasi-free γd → xp(n) reaction with
free γp → xp data. It might even be tempting to use the deviations between these two reactions as
a correction to approximate the observables of the γn → xn reaction by the results measured for the
quasi-free γd→ xn(p) meson production, but this approximation is certainly not always valid.
Examples for strong FSI effects reported in the literature are, for example, those for pion photo-
production off quasi-free nucleons [25, 26, 27, 28]. However, for the same reactions (e.g., γd→ (n)ppi0)
effects for polarization observables seem to be less important [29]. As it turns out (see results discussed
below) for single η and η′ meson photoproduction FSI effects are not even important for cross sections
but play a substantial role for the photoproduction of ηpi pairs.
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2.1.1 Photoproduction of η-mesons off nucleons
The photoproduction of η-mesons off free protons was studied at all the major tagged photon facilities,
sometimes even with repeated and improved experiments. Quasi-free η production off neutrons has also
recently attracted much interest. We first summarize the available data base. The total cross section
data are shown in Fig. 1. For publications that quoted only values for the differential cross sections (as
long as they covered a reasonable range in the polar angle) the total cross section was extracted from
fits to the angular distributions (see below).
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Figure 1: Upper left corner: Total cross sec-
tion for γp → pη for free protons. Main figure
shows data from [30] (TAPS 95), [31] (GRAAL
02), [32] (CLAS 02), [33] (Crystal Barrel 05),
[34] (LNS 06), [35] (GRAAL 07), [36] (CLAS
09), [37] (Crystal Barrel 09), and [38] (Crys-
tal Ball 10). The insert shows the average of
the data, together with model results from [39]
(MAID 1), [40] (MAID 2), [38] (SAID), and
[41, 42] (BnGa). Upper right corner: Total cross
section for γn→ nη for quasi-free photoproduc-
tion off neutrons bound in the deuteron or 3He
nuclei (see text) from [43, 44, 45]. Model curves
from MAID 1 (solid) [39] and BnGa [46]. Insert:
cross sections for quasi-free reactions off protons
from same references compared to average free-
proton cross section. All quasi-free 3He data
scaled up by a factor of 1.4. Bottom left: ratios
of quasi-free neutron and proton cross sections
for data and models shown in the earlier panels.
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Figure 2: Comparison of angular distributions from different measurements for some typical
c.m. energies W for γp→ pη. Symbols are as in Fig. 1.
Angular distributions for the γp → pη reaction have been reported in [30, 31, 32, 33, 34, 35, 47,
37, 36, 48, 38] (we have omitted some older references that can be found in [49]). Typical examples
that demonstrate the level of agreement between the experiments are shown in Fig. 2. Several different
experimental approaches have been used so that the sources of systematic error are different. The first
CLAS experiment [32] identified the η mesons through a missing-mass analysis of the recoil protons
and determined the absolute normalization of the cross sections by comparing the data for single pi0
production (analyzed in the same way) with the results of the SAID partial wave analysis. This CLAS
experiment included all the η decay channels. The second CLAS experiment [36] used the η → pi+pi−pi0
decay channel, detected the two charged pions and the recoil proton, reconstructed the pi0 in a kinematic
fit, and then studied the invariant mass of the three pions. The cross sections were absolutely normalized.
The first Crystal Barrel experiment [33, 47] used the η → 2γ and η → 3pi0 → 6γ decay channels of
the η meson (analyzed by invariant mass after kinematic fitting) but triggered on the recoil proton. This
experiment also used the SAID pi0 results for absolute normalization. The second experiment [37] was
similar, but used an absolute measurement of the photon flux and target density for normalization. Also
in the GRAAL experiment [35] the two- and six-photon decay channels of the η-meson were analyzed
and an absolute normalization was made. All the experiments discussed above detected the coincident
recoil protons (which is useful to ensure overdetermined kinematics but also introduces a further source
of systematic uncertainty). The two MAMI experiments used the two-photon decay of the η [30] or
the six-photon decay [38] and did not require detection of the recoil proton. Both experiments were
absolutely normalized.
The angular distributions were fitted in a series of Legendre polynomials up to fourth order:
dσ
dΩ
(W, cos θ∗η) =
q∗η(W )
k∗γ(W )
N∑
i=0
Ai(W )Pi(cos θ
∗
η) , (2.2)
where the coefficient A0 is related to the total cross section σ(W ) by A0(W ) = 4pi(k
∗
γ(W )/q
∗
η(W ))σ(W ).
Here q∗η and k
∗
γ are c.m. momenta of the η and γ, respectively. The coefficients for fits with N=4
normalized to A0 are summarized in Figs. 4 and 5.
The measurement of angular distributions and total cross sections for the quasi-free γn→ nη reaction
has recently made much progress. Early experiments measured only the inclusive reaction γd→ η(np)
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Figure 3: Angular distributions for γn → nη [44] (red dots) compared to the results for
γp→ pη from [38] (black stars). Solid and dashed curves are fits to the data with Eq. (2.2).
(without the detection of recoil nucleons) [51] or detected only the recoil nucleons using missing-mass
analysis [52]. The first fully exclusive measurement, which already used a complete reconstruction
of the final state kinematics to remove the Fermi motion effects, was done in the threshold region
[53]. This reaction generated a lot of interest when the first exclusive measurements [54] at higher
incident photon energies carried out at the GRAAL facility revealed a pronounced, narrow structure at
incident photon energies around 1 GeV, which is absent for the γp → pη reaction. Subsequently, the
quasi-free production of η mesons off neutrons was studied in detail with deuteron targets at LNS in
Tohoku [55], at ELSA in Bonn [56, 43], and at MAMI in Mainz [44, 50]. At MAMI it was also studied
for neutrons bound in 3He nuclei [45]. The experimental strategies were also different. The Tohoku
experiment measured the inclusive quasi-free reaction γd → η(np) and subtracted the cross section of
the γp→ pη reaction, after folding the latter with the momentum distribution of the bound nucleons.
The experiments at GRAAL, ELSA, and MAMI measured the η-mesons in coincidence with the recoil
neutrons and extracted the cross sections as function of the incident photon energy (obtaining Fermi-
smeared results) and as function of kinematically reconstructed total c.m. energy W , thus eliminating
Fermi motion effects. Results for the latter type of analysis are summarized in Figs. 1, 3, and 5.
Before we discuss the experimental results, we first give a short summary of existing modelling
approaches, which are quite diverse. For the reaction off free protons, they include the SAID partial
wave analysis [38] (and references therein), effective Lagrangian models of different types such as the
MAID isobar model (MAID 1) [39] and the Reggeized MAID isobar model (MAID 2) [40], different
coupled channel models such as the Giessen model [57], the Bonn-Gatchina (BnGa) model [41, 42], and
even an approach based on the constituent quark model [58]. The γn→ nη reaction was also analyzed
in the framework of the MAID models [39, 40] and with the BnGa coupled-channel analysis [46].
The experimental results for differential cross sections off free protons are in good overall agreement.
The largest systematic discrepancy occurs in the fits of the angular distributions for the A4 coefficient
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Figure 4: Legendre coefficients obtained from fits to the γp→ pη angular distributions using
Eq. (2.2). Left column: average of all experimental data compared to MAID 1 [39], SAID
[38], and BnGa [41, 42] (notation as in Fig. 1). The A4/A0 data from Ref. [37] is not included
in the average but shown separately. Central column: individual data sets for low energy
data (symbols as in Fig. 1). Right column: same for high energy data.
(see Fig. 4) where above W ≈ 1.8 GeV the results from Ref. [37] disagree with all other measurements.
Here one should note, however, that this measurement is the only one that reports results for extreme
forward angles with small statistical uncertainties. The A4 coefficient is very sensitive to these extreme
angles, so that the deviation could also be a reflection of the other measurements not having sufficient
coverage in this region.
The agreement between the measurements of the quasi-free production off nucleons bound in light
nuclei is in part less good. The Fermi-smeared cross sections as function of the incident photon energy
from the ELSA [43] and the MAMI [44, 50] experiments are in good (for participant protons) and in
reasonable (for neutrons) agreement (see Fig. 45, left hand side in Appendix A). However, the cross
sections extracted with the reconstructed kinematics from the ELSA and the MAMI experiments agree
only in the range of the S11 resonance peak, for quasi-free protons as well as for neutrons, but they
deviate at higher energies, where the ELSA cross sections are larger. The effect is similar for protons and
neutrons. The σn/σp cross section ratios, also shown in Fig. 1, are not much different and certainly agree
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Figure 5: Upper row: Coefficients of the Legendre series of Eq. (2.2) for γp→ pη for a free
proton target (averaged over all experimental data, as in the left column of Fig. 4, black
open squares) compared to the results for quasi-free γd→ ηp(n) [44, 50] (blue dots). Model
curves are from MAID 1 [39] (dashed), BnGa [41, 42] (solid), and SAID [38] (dotted). Lower
row: coefficients for quasi-free γd → ηp(n) [44, 50] compared to model results for MAID 1
[39] (dashed) and BnGa [46] (solid).
within experimental systematic uncertainties. The problem seems to be related to an energy-dependent
normalization issue for the kinematically reconstructed ELSA data [43] (see Appendix A for a detailed
discussion). Here one should note that these data included only four points per angular distribution
compared to the 20 points for [44, 50]. Detailed angular distributions for the ELSA experiment [43]
were only given for the Fermi-smeared Eγ data, which agree with the MAMI data within systematic
uncertainties.
No significant FSI effects have been noted, within experimental uncertainties, from the comparison
of free and quasi-free γp→ pη data measured with a deuterium target. The quasi-free total cross section
from [44] is close to the free proton results and also the Legendre coefficients from the fits of the angular
distributions shown in Fig. 5 are very similar. Deviations occur only for the high order A4 coefficient
at low energies, where systematic uncertainties due to the detection of the recoil protons are difficult
to control for certain angular regions, as discussed in [50]. Also for the ELSA deuterium measurement
[43] there is agreement between the measured quasi-free proton cross section and free proton data after
these have been folded with the deuteron Fermi motion. This is not the case for the 3He target for
which quasi-free cross sections for protons as well as for neutrons are suppressed by roughly a factor
of 1.4 compared to free proton data (or quasi-free proton and neutron data from the deuteron target).
Some possible reasons for this are discussed in [45]. Fermi motion effects are much stronger for the 3He
target and a kinematic reconstruction is only possible under the assumption that there is no relative
momentum between the two spectator nucleons. FSI effects may be significantly larger than for the
deuteron but there are so far no model calculations for such effects. These data have only been used to
demonstrate that the general behaviour of the quasi-free neutron cross section, in particular the narrow
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structure around incident photon energies of 1 GeV, does not depend much on the target nucleus. The
3He results have been scaled up by a factor of 1.4 in Fig. 1.
We discuss the experimental results for three different ranges of incident photon energy, i.e., for
different total c.m. energies W . These are the threshold region that extends through the S11(1535)
peak, the following region up to W ≈ 2 GeV, and higher energies. For the proton, as well as for the
neutron target, the threshold region up to incident photon energies of 0.9 GeV (W ≈ 1.6 GeV) is quite
well understood. The reaction is dominated by the excitation of the S11(1535) resonance [59] via the E0+
amplitude, leading to the strong peak at ≈ 1.53 GeV. This resonance overlaps with the η-production
threshold at W = 1486 MeV (Ethrγ = 707.8 MeV) and has an unusually large branching ratio of around
50% for the emission of η mesons. It is responsible for the strong η - nucleon interaction in the threshold
region (on which the discussion about possible η - nucleus bound states is based). The properties of
the E0+ amplitude are reflected in the energy dependence of the total cross section (almost perfectly
∝ (Eγ −Ethrγ )1/2 in the threshold region [60, 61]) and in the shape of the angular distributions (almost
isotropic). The dominance of this state has also allowed a detailed investigation of the dependence of
its electromagnetic coupling A1/2 on the four momentum transfer Q
2 in electroproduction, which shows
a surprisingly slow falloff [62]. This feature is important for understanding the quark model structure
of this isobar. The deviation from isotropy in the angular distributions close to threshold is due to an
interference between the leading E0+ multipole and the E2− and M2− multipoles related to the excitation
of the nearby D13(1520) resonance. The interference term is proportional to Re[E
?
0+(E2−−3M2−)] cos2 θ?η
[30] and is thus reflected in the A2 coefficient of the Legendre series of Eq. (2.2). The branching ratio
for the D13(1520) → Nη decay is very small; the Particle Data Group quotes (0.23±0.04)% [23] and
this is mainly determined by the beam asymmetries of the γp→ pη reaction (see below).
The measured ratio of neutron σn and proton σp cross sections in this energy range is σn/σp ≈ 2/3
(see Fig. 1). The ratio increases towards threshold but this is an artefact of the plane-wave impulse
approximation interpretation. Very close to threshold, energy and momentum conservation force the
‘participant’ and ‘spectator’ nucleons to have almost identical momenta and the kinematics become
similar to the coherent reaction. This means that the simple participant - spectator picture breaks
down and the measured cross section ratio will approach unity.
The σn/σp ratio can be translated into one for the magnitudes of the electromagnetic couplings of
the S11 state to protons and neutrons (see [49] for details): |An1/2|/|Ap1/2| ≈ 0.8. This means, according to
Eq. (2.1), that either the isoscalar or the isovector part of the coupling must be small. The relative sign
of the electromagnetic helicity couplings can be fixed in two ways. The cross section for the coherent
reaction γd → dη will be much larger when the coupling is dominantly isoscalar. The experimental
results [52, 63] clearly favour a dominant isovector coupling and thus a negative relative sign. An
alternative access to the sign comes from the interference term between the S11 and D13 states. It was
shown in Ref. [53] that, with a few simple approximations, the interference term is proportional for
protons and neutrons to the products of their helicity couplings AN1/2(S11) and A
N
1/2(D13). Since the
helicity couplings of the D13 state are well known from pion photoproduction and have the same sign
for protons and neutrons, a negative relative sign for the S11 state will result in angular distributions
for η production with opposite curvature for protons and neutrons. The precise angular distributions
shown in Fig. 3 have this behaviour; the corresponding A2 coefficients in Fig. 5 have opposite sign in
the relevant energy region. The interference effect is larger for the neutron because the D13 neutron
coupling is a factor of ≈ 2.5 larger than its proton coupling [23].
The same arguments can be made for the beam asymmetry Σ discussed below. The interference effect
is even more pronounced in this observable [64], but the relevant term here is ∝ Re[E?0+(E2− + M2−)],
which involves the product of the A1/2 coupling of the S11 with the A3/2 coupling of the D13. Since both
couplings have a relative negative sign between protons and neutrons, this interference term has the
same sign for the proton and the neutron. All the more advanced analyses (e.g. MAID [39], BnGa [46])
come to the same conclusions and indicate also that contributions from the non-resonant background
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are small in this energy range. There is only one experimental result that does not fit into this picture.
This is the target asymmetry measured by the PHOENICS experiment at ELSA at the end of the
nineties [65]. As discussed, e.g., in Ref. [49], none of the existing models could reproduce the observed
nodal structure of this observable for incident photon energies below 800 MeV. Tiator and collaborators
[66] showed, with a truncated multipole analysis, that the measured target asymmetry forces a large
and strongly varying phase between the s-wave E0+ multipole and the d-wave E2−, M2− multipoles.
Since the first is dominated by the S11(1535) excitation and the latter by the D13(1520) state, this would
indicate a strongly varying phase between two resonances with almost identical excitation energies and
thus mean that at least one of them would show an unusual behaviour. This problem persisted until very
recently when new and statistically much more precise data for the target asymmetry were obtained at
MAMI and ELSA. The results from MAMI have been published in the meantime [67] (see discussion
at the end of this chapter) and did not confirm the critical nodal structure. The ELSA results are sill
under analysis, but preliminary results seem to support this finding.
In view of the experiments to search for η - nucleus bound states, which are discussed later, one
should note that η photoproduction in the threshold region is completely dominated by the isovector
component of the E0+ multipole. This has strong consequences for coherent production processes of the
γA → Aη type, which are the most natural entrance channel for the formation of bound states. Since
E0+ is a spin-flip multipole the final state s-wave is forbidden for J = 0 and, because it is dominantly
isovector, it is strongly suppressed for I = 0.
The energy region above the S11 peak up to W values around 2 GeV is complicated and far from
being understood in terms of nucleon resonance physics. Above W ≈ 1.65 GeV (Eγ ≈1 GeV) the results
from model analyses differ already for the total cross section of the γp→ pη reaction (see Fig. 1). The
measured angular distributions change rapidly in this energy range. The Legendre coefficients A1, ..., A4
(see Fig. 4, central column) show a strong energy dependence around W= 1.65 GeV. The large and fast
varying values of the A1 coefficient point to an interference between the strong S11 contribution and
p-wave states (S11 - P11 interference is ∝ cos θ?η). This effect was also observed in η electroproduction
[68] and found to be almost independent of the four momentum transfer Q2, which would mean that the
relevant multipoles - E0+ and M1− - have a similar Q2-dependence. At these energies contributions can
be expected from the S11(1650), D15(1675), D13(1700), P11(1710), and P13(1720) resonances. Branching
ratio estimates given by PDG [23] are 5 - 15% for the S11(1650), 10–30% for the P11, (4±1)% for the P13,
and (0±1)% for the two d-wave states. The values extracted from different analyses have a significant
spread for some resonances and have recently changed, due to the results from the analysis of the new
photoproduction data in the framework of the BnGa model [41, 42].
The picture becomes more complicated by the results for the γn→ nη reaction. The most striking
feature is the extremely steep rise of the σn/σp cross section ratio above W = 1.6 GeV. All experiments
that measured total cross sections reported this effect; the results from [43, 44, 45] are compared in
Fig. 1. Interestingly, a strong rise of this ratio was predicted by the MAID model [39], though not as
prominent and steep as was later observed. This prediction was even among the motivations for the
experimental activities but, as it turns out now, it was made for the wrong reasons. The MAID fit of the
proton data produced an Nη decay branching ratio of the D15(1675) resonance (≈ 17%) much larger
than any other analysis; PDG [23] has it compatible with zero. Since this state is Moorhouse-suppressed
[69] in the electromagnetic excitation off the proton, it couples more strongly to the neutron. This state
thus made a large contribution to the γn→ nη reaction in MAID. However, a comparison (see Fig. 1) of
the total cross section predicted by MAID already shows that the model misses completely the peak-like
structure in the neutron excitation function. The peak in the cross section ratio results entirely from
the ‘dip’ in the proton excitation function at the same energy. The ‘dip’ is reproduced because the
model was fitted to the proton data, but it is then of course questionable whether it reflects the correct
physics. The description of the angular distributions (see, e.g., Fig. 5) and the beam asymmetries
discussed below (see Fig. 8) by the MAID fit, in particular for the neutron, is also not good above
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Figure 6: Differential cross sections for the γn→ nη reaction [44] for different bins of polar
angle as function of the nη c.m. energy W . The curves are a phenomenological fit with
a Breit-Wigner resonance for the S11 state, a second BW for the narrow structure, and a
third BW for the broad background underneath the narrow structure (see text). The open
symbols represent data with S11 and background fit contributions subtracted.
W=1.6 GeV so that the extraction of resonance contributions in this energy range is almost certainly
not realistic. A refit of the model to the data now available would be desirable.
The agreement between data and the BnGa fit is better for all observables, but this model was also
fitted to all the available results. For the γn→ nη reaction, the BnGa fit included the Fermi-smeared
cross section data from [56] and the beam asymmetries from GRAAL [64]. This explains why the
total cross section without Fermi smearing as function of W is closer to the new MAMI data from
[44] (which were not yet included in the fit) than to the older ELSA data from [43]. The fit to the
neutron data might be improved by a refit of the new differential cross section data (this is already
under way). Typical examples for the evolution of the fit results, due to the continuing improvements
of the experimental data base, are the P11(1710) and P13(1720) states. The MAID model [39], and
also the Giessen coupled-channel model [70], found a significant contribution to γp→ pη from the P11
and almost none from the P13 resonance. The early fits with the BnGa coupled-channel model, on the
other hand, found no signature for the P11 but a large branching ratio of 30% [33] for the P13. In the
meantime, the situation in the BnGa fit has reversed; in the most recent version [41] the branching
ratio for the P11 has risen to (17±10)% and the one for the P13 has dropped to (3±2)%.
Some comments should be made about the pronounced narrow structure in the excitation functions
around Eγ ≈ 1 GeV. More than ten years ago there were predictions for such a structure related to the
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conjectured baryon anti-decuplet [71] of pentaquarks. Taking together, the results from [71, 72, 73, 74]
suggested that the non-strange P11-like member of the anti-decuplet should be electromagnetically
excited more strongly on the neutron, should have a large decay branching ratio to Nη, an invariant
mass around 1.7 GeV/c2, a width of a few tens of MeV/c2, and a radiative coupling to the neutron
corresponding to An1/2 = 15 × 10−3 GeV−1/2. The structure that was subsequently observed in the
γn → nη reaction fitted exactly to these properties. It was seen in all experiments that looked for
it (even using the in-principle unfavourable 3He target nucleus) and the statistical significance, in
particular in the most recent data [44], is beyond any doubt. In this sense it is very different from
the experimental claims for the observation of the exotic pentaquark, which could not be reproduced
by subsequent experiments. Although the existence of this structure is unambiguous, its nature is
not yet understood. Phenomenological analyses of the excitation function found for the position and
widths of the structure values of (we cite the most recent results from [44, 50]; other experiments found
comparable values) W = (1670± 5) MeV with an intrinsic width of Γ ≈ 30 MeV. This would be a very
unusual value for a nucleon resonance (which in this energy range rather have widths above 150 MeV),
but a bump in an excitation function need not necessarily correspond to a nucleon resonance.
It was already argued in [43] that the ‘bump’ in γn → nη and the ‘dip’ (although less prominent)
in γp → pη are probably related structures. The structure in the proton excitation function has been
recently investigated in detail with the BnGa coupled channel analysis [75]. The main result was that
the narrow ‘dip’ cannot be reasonably well explained by broad resonances and standard background
amplitudes. The fit could be improved by either introducing a narrow P11 state or by a threshold effect
resulting from a strong coupling of the γp→ ωp reaction to the S11 partial wave (however, most recent
analyses by the Bonn-Gatchina group including experimental data for ω production do not favour a
strong coupling). Various scenarios have been suggested in the literature for the narrow structure in
the neutron excitation function. They range from different coupled-channel effects of known nucleon
resonances [70, 76], interference effects in the S11 partial wave [77, 46], effects from the opening of
strangeness thresholds [78], to intrinsically narrow states [73, 77, 79, 80, 81]. The available data are still
insufficient for an unambiguous analysis. However, the precise angular distributions shown in Fig. 6
have added some new clues. They do not favour a scenario where a narrow P11 resonance interferes
with the broad S11 structures. An interference term between the M1− multipole from a P11 excitation
and the E0+ multipole from S11 excitations has an angular dependence ∝ cos θ?η. This means that
the narrow structure should have a maximum contribution either at extreme forward or at extreme
backward angles, a linear dependence across the angular distribution, and then a minimum at the
opposite extreme angle. Depending on the sign, one would then expect a maximum bump at forward
angle and a dip at backward angle (or vice versa). But the excitation functions for different bins of polar
angle (see Fig. 6) show the most pronounced bump-like structure at intermediate angles and almost no
effect at forward and backward angles.
A fit of the BnGa model to the previous ELSA data [56] gave comparable quality for a scenario
with a narrow P11 state or interference effects in the S11 channel [77]. A refit [84] to the more precise
angular distributions from the new MAMI data [44] preferred the solution without a narrow P11 state,
for which the ‘bump’ in the total cross section arises entirely from subtle interference effects in the
S11 channel. This solution requires, however, a change of sign of the electromagnetic coupling of the
S11(1650) resonance for the neutron. Most analyses (MAID, SAID) previously found a negative sign
for the An1/2 (in the following all values are in units of 10
−3 GeV−1/2) neutron helicity coupling of this
four star state (PDG: −15±21) and thus a destructive interference between the two S11 states for the
neutron (as for the proton). A negative sign was also preferred by quark models (e.g., Capstick [85]:
−35; Burkert et al. [86]: −31±3). However, the most recent analyses of the Bonn-Gatchina group
[46] (25±20) and Shresta and Manley [81] (11±2) find positive values corresponding to a constructive
interference. This solution might be appealing, in so far as it could explain the structures in the proton
and neutron excitation function with the same mechanism. However, it requires significant fine-tuning
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Figure 7: Top row: Beam asymmetries Σ for the free γp → pη reaction. Light blue dots
[35] and red triangles [82] from GRAAL experiment, open circles [83] from CBELSA/TAPS.
Solid lines: fits with Eq. (2.3) to data from [35]. Results are given for the different values
of W indicated in the panels. Bottom: Beam asymmetries Σ for the quasi-free γn → nη
reaction from the GRAAL experiment [64]; the solid lines are fits with Eq. (2.3).
in the S11 sector and it remains to be seen whether the results for polarization observables, which will
soon be available, fit this interpretation.
For W & 2 GeV, t-channel contributions from vector mesons exchange become important and the
angular distributions start to peak at forward angles. These contributions have been analyzed for the
proton target in Ref. [47]. Data for the neutron target in this energy range have only been reported from
the ELSA experiment for the Fermi-smeared data [56, 43] up to incident photon energies of 2.5 GeV
(corresponding to W ≈ 2.36 GeV). They also show the pronounced peaking at forward angles. The
large diffractive contributions could obscure the small signals from the nucleon resonances that have
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Figure 8: Coefficients of the Legendre series (2.3) fitted to the beam asymmetries Σ(W, cos θ∗η)
as function of W . Upper part: γp → pη, Bottom: γn → nη. Symbols for data are as in
Fig. 7. Solid curves: results of BnGa fit [42, 41] for proton and [46] for neutron target,
dashed: MAID model [39], dotted: SAID partial wave analysis [38] (only for proton target).
been suggested by the model fits. However, the interpretation of the data is even more tentative than at
lower photon energies. The first analysis of the ELSA data for γp→ pη in the framework of the BnGa
model [33] claimed, for example, contributions from F15(2000), D15(2070), D13(2080), and P13(2200)
states. In particular, the contribution of the D15(2070) (which was introduced by this analysis as a
previously unknown nucleon resonance) was strong. In the more recent BnGa fit [41, 42], only two
states with significant coupling to Nη are reported above 2 GeV, viz. the F15(2000) and the D15(2060),
the latter now with a branching ratio of (4±2)%.
It is clear that there are still many open questions about the resonance contributions to γN → Nη
above the S11(1535) region. Cross section data alone, even with improved precision, can certainly not
solve this problem since a unique description of photoproduction of a single pseudoscalar meson off
nucleons requires the measurement of at least eight carefully selected observables [87].
Apart from angular distributions the only other reasonably precise results that are available so
far (very recent new polarization data [67] are shortly discussed at the end of this chapter) are for
the photon beam asymmetry Σ (linearly polarized photon beam, unpolarized target) for free protons
and quasi-free neutrons. These data have gone into the model analyses discussed above. They have
been measured mainly at the GRAAL facility [35, 64, 82] and at ELSA [83]. The primary results are
summarized in Fig. 7 and have been fitted with the Legendre series
Σ(W, cos θ∗η) = sin
2 θ∗η
3∑
i=0
Ai(W )Pi(cos θ
∗
η) , (2.3)
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Figure 9: Beam asymmetry data from [83] for γp→ pη for incident photon energies around
1.25 GeV (W ≈ 1.8 GeV) compared to results from the MAID model [39] (right hand
side) and the BnGa fit [88] (left hand side). Solid (black) curves: full fits, dotted (blue):
without the P13(1720) state, dashed (red): without D13(1520), long dashed (magenta): with-
out P11(1710) (no difference to full model for BnGa model), dash-dotted (green): without
D15(1675).
with the fitted coefficients being shown in Fig. 8. All the experimental results for the γp→ pη reaction
[35, 82, 83] are in reasonable agreement; for γn→ nη only results from the GRAAL experiment [64] are
so far available. We have already discussed above the strong contribution of the S11(1535) - D13(1520)
interference to the beam asymmetry, which is responsible for the fast rise of the A0 coefficient from
threshold. In a similar behaviour to that seen for the angular γp→ pη distributions, the corresponding
beam asymmetry Σ also shows a strong energy dependence for W between 1.6 and 1.8 GeV. The A1
coefficient rises sharply and A2 (and perhaps also A3) shows a narrow structure around 1.65 GeV. The
MAID [39], SAID [38], and BnGa [42, 41] analyses reproduce this behaviour reasonably well. However,
a word of caution is needed here. The fact that the fits (with many free parameters) can describe
the data does not of course guarantee that the right physics is included in the models. An instructive
example of this is given in [83].
The measured beam asymmetries around W ≈ 1.8 GeV are compared in Fig. 9 to results from the
MAID [39] and BnGa models [88] (note that these are not the most recent results from BnGa [42, 41]).
Both models described the beam asymmetry comparably well (see figure) and were also in reasonable
agreement with the angular distributions. Nevertheless, as the figure shows, the physics contents of
the fits were quite different, which is demonstrated by ‘switching-off’ certain resonance contributions.
While for the BnGa model the P13 state was very important, it played almost no role in the MAID
model which, on the other hand, included large contributions from the D13 and D15 d-wave states. The
model results start to diverge quickly above the region where experimental Σ values are available (see
Fig. 8, top row).
Little structure is observed for the γn → nη reaction around W ≈1.7 GeV, although also in this
case the A0 coefficient shows an abrupt rise around this energy. However, resolution effects might play
a role here. Although the c.m. angles were reconstructed from the final state kinematics taking into
account Fermi motion, the results are given in terms of the incident photon energy without correction
for Fermi-smearing effects. Nevertheless, the effects do not seem to be very large since the quasi-free
proton results are close to those of the free proton data. The BnGa model agrees reasonably well with
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these data (because it has been fitted to them). The MAID model largely overestimates the asymmetries
between 1.6 - 1.8 GeV, mainly because of the large contribution of the D15(1675) state, which is clearly
not realistic. Agreement with the Reggeized version of MAID [40] is better [64] because a smaller Nη
branching ratio for the D15 is used.
Apart from the beam asymmetries, until very recently only the previously mentioned results for the
target asymmetry in the S11 peak [65], and a few low statistics values for the separation of the total
cross section into σ1/2 and σ3/2 components (longitudinally polarized target, photon beam circularly
polarized parallel (σ3/2) or antiparallel (σ1/2)) right in the maximum of the S11 peak, have been reported
[89]. The latter only confirm the expectation that σ1/2 is very dominant in the S11 peak (σ3/2 is
compatible with zero, within large statistical uncertainties). However, this situation has now changed
dramatically. The CLAS experiment and the experiments at MAMI and ELSA have acquired data
for the γp → pη reaction for the single polarization observables Σ, T , P (P measured not by analysis
of the recoil nucleon polarization but as double polarization observable with linearly polarized beam
and transversely polarized target), and the double polarization observables E, F , G, and H (not all
experiments measure all observables, but all observables are measured in at least one, most in two, and
some even in three experiments). These data are presently under analysis (preliminary results from
CLAS for the E observable have, e.g., been shown at the NSTAR 2011 workshop [90]). Data on E, T ,
and F for the γn→ nη reaction have been measured at MAMI and further measurements of observables
with linearly polarized photon beams for the neutron target are planned at ELSA. Therefore, at present
it would be completely premature to draw final conclusions on nucleon resonance contributions to η-
photoproduction, in particular at higher incident photon energies. The large body of new data will have
a strong impact on all partial wave analyses.
The first data from the new measurements of γp→ pη with polarized beams and polarized targets
have just been published [67]. They come from a measurement with Crystal Ball/TAPS at MAMI with
transversally polarized target (solid buthanol) and circularly polarized photon beam, giving access to
the target asymmetry T and the double polarization observable F defined by [91]
dσ
dΩ
=
dσo
dΩ
(1 + TpT sinφ+ FpTp cosφ) (2.4)
where dσo is the unpolarized cross section, pT is the degree of transverse target polarization in the
y-direction, p the degree of right circular beam polarization, and φ the azimuthal angle of the meson.
The much more precise new results for the threshold behaviour of the target asymmetry clearly
refute the sign change between forward and backward polar angles reported from the only previously
available data [65] and thus settle the issue of the unnatural phase between the S11(1535) and D13(1520)
multipoles discussed above. The comparison of the experimental results to different predictions from
reaction models/partial-wave analysis in Fig. 10 demonstrates the selective power of these new observ-
ables. None of the models that describe differential cross sections and beam asymmetries quite well
agrees with the new data for the asymmetries. We mention only one example; predictions for the target
asymmetries in the range between 950 - 1050 MeV, where the peculiar structures in the γN → Nη
excitation functions were observed, disagree strongly with data for all models. Consequently, conclu-
sions like the one drawn by the latest Bonn-Gatchina analysis [84], that the bump-like structure in the
neutron excitation function can be explained by S11 interferences alone, will have to be cross checked
against the new data (in this case upcoming polarization data for the neutron target will be even more
important).
In summary, all reaction models will have to be refitted against the new polarization data (results
for E, P , H, G... are still to come) and then one will have to check whether different approaches
converge in terms of nucleon resonance contributions (which seems to happen for single pi0 production,
where more observables are already available).
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Figure 10: Left hand side: target asymmetry T for the γp → pη reaction. Right hand
side: double polarization observable F for the same reaction. Ranges of incident photon
energies quoted in the figure. Experimental results (black dots) are from Crystal Ball/TAPS
at MAMI [67]. For T also previous results (magenta triangles) from PHOENICS at ELSA
[65] are shown (for these data the energy bins do not correspond exactly to the present
results, see [67] for details). The curves are predictions from the following models: dashed
(red): η-MAID [39], long-dashed (green): Giessen model [57], dash-dotted (black): BnGa
[42], dotted (blue) SAID [38].
2.1.2 Photoproduction of η′-mesons off nucleons
In the context of nucleon resonance physics, the η′ meson can be regarded as the heavy twin of the η,
where the isoscalar nature ensures that only N? resonances contribute. The much larger mass shifts the
interesting W range upwards. The production threshold at W = 1.896 GeV corresponds to an incident
photon energy of 1.447 GeV for a free proton target. This means that one can still expect in an energy
range above W ≈ 1.9 GeV, where η production shows already a complicated behaviour, a situation
where only a few low-order partial waves contribute. This is the W range where most of the predicted,
but so far unobserved, N? states should be located.
However, the available data base for η′ photoproduction is much more scarce than for the η meson
and, as a consequence, resonance contributions are not yet well determined. The reason is twofold. The
total cross section of η′ production reaches at most the 1 µb level (η production falls below this level only
above W ≈ 2.3 GeV). Secondly, the decay modes of the η′ are much less accessible for most experiments.
For electromagnetic calorimeters that cover large solid angles, both the η → 2γ (branching ratio ≈ 39%)
and the η → 3pi0 → 6γ (branching ratio ≈ 31%) [23] decay are favourable. The two-photon decay of
the η′ meson has only a probability of ≈ 2.2% and the largest decay branching ratio for photon final
states is only ≈ 8.3% for the η′ → ηpi0pi0 → 6γ decay [23]. Finally, few experiments reach the necessary
incident photon energies so that there are statistically relevant results for total cross section and angular
distributions only from the CLAS and ELSA facilities.
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Figure 11: Total cross section for the γN → Nη′ reactions. Left hand side: data for γp→ pη′
from [37] (Crede´ 09, open black circles), [36] (Williams 09, magenta stars) and the quasi-free
γd → (n)pη′ [43] (Jaegle 11, blue squares) reactions. Right hand side: quasi-free data for
γd→ (n)pη′ (participant proton) and γd→ (p)nη′ (participant neutron) from [43]. Curves:
model results from ETA′-MAID [40] (dashed blue proton target, dashed red neutron target),
solid blue NH-model [92] for proton target, solid and dotted red different solutions from NH
model for neutron target (see discussion in [43]).
Until the end of the 1990s the only data came from old bubble chamber measurements [93, 94] at
DESY. They were analyzed in 1995 by Zhang, Mukhopadhyay, and Benmerouche [95], preparing the
ground for the analysis of the expected results from the modern tagged photon experiments, in the
framework of an effective Lagrangian model. They reported strong contributions from vector meson
exchange (ω, ρ mesons) and a leading nucleon resonance contribution from a D13(2080) two-star state.
This, however, did not come from the multipoles (E2−, M2−), where this state is resonant, but from a
background contribution of this state to the E0+ multipole. In the meantime, due to the results of more
recent coupled-channel analyses, this resonance has been split into two states, the three-star D13(1875)
and the two-star D13(2120) [23].
The first modern measurement with a tagged photon beam came from the SAPHIR experiment at
ELSA [96], which used the γp → pη′ → ppi+pi−η → ppi+pi−pi+pi−pi0 reaction chain. However, it was
based on only 250 events so that the statistical quality was not significantly better than the earlier
bubble chamber results. The total cross section and angular distributions from this measurement have
been interpreted in completely different ways. In the SAPHIR paper [96], the main emphasis was on the
rapid rise of the total cross section from threshold and the linear behaviour of the angular distributions
(i.e., ∝ cos θ∗) between the backward and forward directions. The authors argued that the minimal
model to describe such a behaviour has to include two resonances of opposite parity and the most natural
choice is an S11 and a P11 state. A simple fit gave excitation energies and widths of W ≈ 1.897 GeV,
Γ ≈ 0.4 GeV for the S11 and W ≈ 1.986 GeV, Γ ≈ 0.3 GeV for the P11 state.
The same data were analyzed in the framework of a Reggeized effective Lagrangian model (ETA′-
MAID) [40]. There was also some evidence in this approach for contributions from an S11 state in the
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Figure 12: Selected angular distributions (mean incident photon energies quoted in the
figure) for the reaction γp → pη′ off free protons (magenta stars: [36], black open circles:
[37], green stars: [97]) and off quasi-free protons (blue squares: [98] bound in the deuteron).
Black solid lines: fit of the quasi-free proton data with Eq. (2.2) (N=3).
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Figure 13: Selected angular distributions for different values of Eγ for the reaction γn→ nη′
off quasi-free neutrons bound in the deuteron. Solid lines: fits with Eq. (2.2) (N=3).
mass range 1.932 - 1.959 GeV, but a P11 state was not absolutely necessary. The shape of the angular
distributions could be reproduced by an interference of the E0+ multipole from the S11 resonance with
the (in this case large) contributions from the Reggeized ρ and ω t-channel exchange. Elster and
coworkers [99] also found large contributions from vector meson exchange and even argued that such
contributions plus the tail of the well-known S11(1535) resonance could explain the data. More refined
analyses were excluded by the low statistical quality of the cross section data and the lack of any results
for polarization observables.
In the meantime the situation for the angular distributions has improved somewhat. The reaction
γp→ pη′ has been measured twice by the CLAS experiment at Jlab [97, 36] and by the CBELSA/TAPS
experiment [37]. The quasi-free γd→ (n)pη′ and γd→ (p)nη′ reactions (spectator nucleons in brackets)
have also been measured at CBELSA/TAPS [98]. Total cross sections from these measurements are
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Figure 14: Coefficients of the Legendre series of Eq. (2.2) for η′ photoproduction from fits
with N = 3 (N = 2 for the data from [97]). Top row: free proton data from [97, 36, 37] and
quasi-free proton data from [98]. Symbols as in Fig. 12. Bottom row: quasi-free neutron
data from [98]. Curves: model results. Solid: NH model (solution (I), see [92],[98]), dashed:
ETA′-MAID [40].
compared in Fig. 11. The two CLAS experiments published only angular distributions and the total
cross sections have been extracted from fits of the distributions of [36] using Eq. (2.2) and taking the
leading Legendre polynomial coefficient. The fits of the data from [97] are less stable, due to the smaller
angular range, but the comparison of the A0 coefficients of all data sets in Fig. 14 shows that the earlier
CLAS data are also compatible with the other measurements.
As was the case for η-production, these experiments used different approaches to measure the reac-
tion. The first CLAS measurement was based purely on the detection and momentum analysis of the
recoil protons; the η′ meson was then identified in a missing-mass analysis. This technique included all
the decay channels of the meson but the background underneath the missing-mass peak was large. The
proton detection efficiency was determined empirically using the γp → ppi+pi− reaction. The photon
flux was measured absolutely and the method for its extraction was tested with photoproduction of
pi0 mesons, for which precise cross section data are known (although not in the photon energy range
of interest). The second CLAS experiment [36] used the η′ → pi+pi−η decay channel (branching ratio
≈ 43% [23]), reconstructed the η meson as a missing particle and then analyzed the invariant mass of
the pi+pi−η system, which resulted in a much lower background level. This experiment also had absolute
normalization.
The two measurements at ELSA [37, 98] used the η′ → pi0pi0η → 6γ decay (effective branching ratio
8.3%). Both were absolutely normalized; the free-proton measurement used kinematic fitting while the
quasi-free reactions from the deuteron target were studied with a combined invariant- and missing-
mass analysis. The quasi-free measurement off the deuteron was not analyzed with full kinematic
reconstruction (which it was for the η data), which would be needed to eliminate the effects from Fermi
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motion, because the statistical quality was not sufficient. The quasi-free γn→ nη′ reaction was analyzed
in two different ways, once with the coincident detection of the recoil neutron and once as the difference
between the simultaneously measured inclusive cross section (without condition for recoil nucleons) and
the quasi-free proton cross section, measured in coincidence with recoil protons. Both results agreed
within statistical uncertainties and were averaged. The comparison of the total cross sections for the
reactions off protons (see Fig. 11) show reasonable agreement (but see discussion below). Within the
level of precision reached there are no systematic deviations between the free and quasi-free proton
data, at least not more significant than between the different data sets for the free proton (although
effects arising from Fermi motion were not reconstructed for the quasi-free data). All data sets deviate
much more strongly in absolute scale from the earlier SAPHIR measurement (which had a maximum
cross section of almost 2 µb, although with large uncertainties) and also in the shape of the angular
distributions, where the more recent data show a slower rise to forward angles in the near-threshold
region. We therefore ignore the SAPHIR data in the further discussion.
Typical angular distributions for the proton and neutron target are shown in Figs. 12 and 13. In the
near-threshold region they are rather flat, which would be consistent with a substantial contribution
from an s-wave. At the highest incident photon energies the angular distributions for protons and
neutrons peak at forward angles, as expected for non-resonant t-channel contributions. However, they
seem to rise also for extreme backward angles, which might be an indication for significant u-channel
nucleonic contributions, but could also arise from the excitation of nucleon resonances (see discussion
in [92]). The coefficients of the Legendre fits Eq. (2.2) are summarized in Fig. 14. They do not show
such rapid variations as observed for η production.
The experimental results have been analyzed with different model approaches [40, 92, 100, 101], in
particular in the context of nucleon resonance physics, but the results are not yet conclusive. A reaction
model based on a relativistic meson-exchange model of hadronic interactions developed by Nakayama
and Haberzettl (NH-model) [92] was first employed to describe the earlier CLAS data [97]. The authors
claimed significant contributions from t-channel exchange, for which descriptions in terms of ordinary
vector-meson exchange or Regge trajectories gave comparable results (with a slight advantage for the
standard ρ, ω exchange). Contributions from u-channel nucleonic currents were found to be small but
not well determined, due to the ambiguities in the s-channel resonance contributions. Different sets
of N? states were tested, in particular for the S11, P11, P13, and D13 partial waves. Some evidence
was found that such states do contribute, but the solutions were far from unique. It was pointed out
that polarization observables, especially beam and target asymmetries, would be much more sensitive
to discriminate between the different fits.
The results from the ETA′-MAID model [40] and the NH model were later updated to include also
the quasi-free neutron data (see the discussion in [98]). Both models found contributions from the
S11, P11, P13, and D13 partial waves (in the NH model the latter two were below threshold). However,
the resonance parameters, including also the neutron/proton electromagnetic coupling ratios, differed
significantly between the two approaches. Total cross sections and Legendre coefficients of these models
are compared to the measured values in Fig. 11 and 14.
In a different approach, Zhong and Zhao [100] analyzed the free and quasi-free nucleon data within
a chiral quark model. They included only s- and u-channel contributions and omitted completely the
t-channel terms in order to avoid double counting. In this model the leading contributions came from
the u-channel and the S11(1535) resonance, actually a constructive interference between these two terms
was held responsible for the strong rise of the total cross section from threshold. The S11(1650) also
had a significant effect. Contributions from the higher lying S11(1920) were only small and the most
significant resonant term above threshold was associated with a D15(2080) state.
Most recently, Huang, Haberzettl, and Nakayama [101] have updated the NH model to include
all the available γN → Nη′ data together with the results from the NN → NNη′ and piN → Nη′
hadronic reactions. Apart from t-channel exchange, they find now mainly contributions from P13(1720),
24
[MeV]γE
1500 1600 1700 1800 1900 2000 2100 2200 2300
E
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
W [MeV]
1900 1950 2000 2050 2100 2150 2200 2250
'-MAIDη
Huang CLAS
Huang CB
pr
eli
mi
na
ry
[MeV]γE
1500 1600 1700 1800 1900 2000 2100 2200 2300
b
]
µ[
σ
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
2.2
W [MeV]
1900 1950 2000 2050 2100 2150 2200 2250
0,CB
σ2
1/2,Huangσ
3/2,Huangσ
pr
eli
mi
na
ry
Figure 15: Preliminary γp → pη′ results for the double polarization observable E (left
hand side) and the split of the total cross section (right hand side) into the σ1/2 and σ3/2
helicity components from the CBELSA/TAPS experiment [102]. Curves on the left are
model predictions from ETA′-MAID (blue) [40] and the NH model [101] (green: NH fit to
CLAS data, red: NH fit to CBELSA data). Curves on the right: NH fit to CBELSA data,
black: total cross section, blue: σ1/2, red: σ3/2.
P13(2050), S11(1925), and P11(2130) states for the photon-induced reactions. However, the parameters
of these resonances depend strongly on the different data sets used. In particular, the systematic
differences between the most recent free-proton data from CLAS [36] and CBELSA/TAPS [37] have a
significant effect (compare the total cross sections in Fig. 11, left hand side). The fit to the CBELSA
data produces a relatively narrow peak structure around an invariant mass of 2.05 GeV. This peak
hinges, however, on only one data point which, at the level of statistical uncertainties, could well be
a simple fluctuation. The fit of the CBELSA data thus produces a relatively narrow P13(2050) state
(widths Γ ≈ 50 MeV), while for the CLAS data the width of the same state is around Γ ≈ 140 MeV.
The contribution of the P11(2130) state is also quite different for the two fits. Finally, one should note
that the structure ascribed in the NH model to the P13(2050) state is assigned in the chiral quark model
to a D15(2080) resonance [100].
In spite of the recent efforts in modelling the reaction, many ambiguities still exist in the interpre-
tation of the γN → Nη′ data in terms of nucleon resonance contributions. Up to now there are not
even total cross sections and angular distributions that are sufficiently well determined experimentally
and polarization observables are not yet avaiable. This situation will change in the near future. The
total cross section and angular distributions right at threshold have been already precisely measured
at MAMI (data under analysis). Polarization observables have been measured with CLAS at Jlab and
with CBELSA/TAPS. These data sets are also still under analysis.
As one example of the data to come, we show in Fig. 15 preliminary results for a measurement with a
circularly polarized photon beam and a longitudinally polarized target. These allow the extraction of the
double polarization observable E and the division of the total cross section into its helicity components
σ1/2 and σ3/2. The E asymmetry is positive over the entire range of photon energies measured, which
means that σ1/2 is always dominant. This is apparent in the separation of the helicity components
shown on the right hand side of the figure. Here one should note, however, that only the values for the
E asymmetry were extracted directly from data; the points for the two helicity components were then
obtained by applying this asymmetry to the model fit for the total cross section. Nevertheless, the σ3/2
component seems to show a local maximum around W = 2050 MeV where the NH-model [101] predicts
the contribution from the P13 state and the chiral quark model the D15 state. Both these states could
25
have significant σ3/2 couplings so that the E asymmetry cannot distinguish between them. However, the
upcoming results for observables such as beam and target asymmetries will be more selective between
different spin configurations.
First experimental data for the beam asymmetry Σ for the γp→ pη′ reaction at threshold measured
with a linearly polarized photon beam have very recently been reported by the GRAAL collaboration
[103]. The results are very surprising. The asymmetry shows a strong polar-angle dependence (positive
for forward angles, negative for backward angles with a zero crossing around 90◦.), the closer to threshold
the stronger. Such a behaviour is not in agreement with dominant contributions from S− and P−wave
states in the threshold region, which were favoured by all previous model analyses. The authors discuss
possible P - D or S - F interferences. It is obvious that data for Σ with finer energy binning and
also measurements of further polarization observables will be needed to finally identify the dominant
contributions to η′ threshold production. In this sense, this reaction even in the immediate threshold
region is still much less understood then η-production or the production of ηpi-pairs discussed in the
next section.
2.1.3 Photoproduction of ηpi pairs off nucleons
The photoproduction of meson pairs plays an increasingly important role in the investigation of nucleon
resonances. High lying states have an appreciable phase-space available for sequential decay modes
involving an intermediate excited state. Furthermore, sometimes such decays might be preferred for
nucleon structure reasons. In some higher lying multiplets in the quark model, both oscillators may be
excited. It is then plausible that such states will de-excite first one oscillator in a decay to an appropriate
excited nucleon state, which subsequently decays to the nucleon ground state. It is thus possible that
direct decays to the nucleon ground state could be strongly suppressed for an entire multiplet of states
which must therefore be searched for and studied through cascade decays. The problem is similar to
ones in nuclear physics. If only direct decays to the ground state of nuclei had been looked for, many
excitation degrees of freedom, such as collective rotations or vibrations, would have been missed.
The many degrees of freedom associated with the photoproduction of pseudoscalar meson pairs
complicate, of course, the interpretation of the results. Such transitions involve eight complex am-
plitudes [104] that are functions of five kinematic variables (for example, two Lorentz invariants and
three angles). The measurement of eight independent observables would be needed just to extract the
magnitudes of all the amplitudes in a unique way (not even considering ambiguities arising from finite
statistical precision of the data). Fixing in addition the phases would require the measurement of 15
observables. It is therefore clear that the analysis of differential cross section data alone cannot solve
the problem. A complete measurement appears totally unrealistic but the measurement of at least a
few polarization observables will be indispensable.
It is mostly the production of pion pairs that was so far studied (see e.g., [105, 106, 107] and references
therein), but over the last few years ηpi-pairs have also moved into the frame. Their production is more
selective since the isoscalar η can be only emitted in N? → N (?) and ∆? → ∆(?) decays. One may
therefore expect that two classes of nucleon resonances may play important roles for ηpi production,
viz. excited ∆?-states with significant η-decays to the ∆(1232) and N? and ∆? resonances decaying to
S11(1535) via pion emission. Both types of decays select in a unique way sub-classes of nucleon states
with special properties. At higher incident photon energies there should also be contributions from the
decay of the a0(980) meson, which decays dominantly to ηpi [23]. Particularly interesting for nucleon
resonance physics is the neutral ηpi0 decay where the non-resonant background is suppressed. Most
recent results were obtained for this channel.
Total cross sections, invariant mass distributions, and also some polarization observables for the
γp→ ppi0η reaction have been measured at LNS [34], GRAAL [109], ELSA [111, 112, 113, 114, 115], and
at MAMI [110, 116]. The three-body final state cannot be identified through a missing-mass analysis of
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Figure 16: Left hand side: typical two-dimensional invariant mass spectrum for four-photon
events from γp→ pX with X = 2pi0 and ηpi0 peaks (data from Crystal Ball/TAPS at MAMI
[108], the region around the ηpi peak is scaled up). Right hand side: Total cross section for
γp → ppi0η from [109] (GRAAL, green open circles), Crystal Ball/TAPS at MAMI [110]
(filled green circles) and two data sets from CBELSA/TAPS [111] (CBTAPS 1, CBTAPS 2,
open red and blue circles). The red, green, and blue histograms show the results of the BnGa
analysis for the ∆η, S11(1535)pi
0, and a0(980)p final states; the black histogram represents
the full fit.
the recoil proton and all decay modes of the ηpi0 pair with reasonably large branching ratios involve four
or more photons (from the pi0 decay and the η → 2γ, η → 3pi0 → 6γ, or η → pi0pi+pi− → 2γpi+pi− decays).
Only experiments equipped with electromagnetic calorimeters that cover almost 4pi can successfully
investigate this reaction. All the recent measurements used the ηpi0 → 4γ decay channel (branching
ratio ≈38.9%) and identified the reaction by combining invariant- and missing-mass analyses, with or
without kinematic fitting.
A typical two-dimensional invariant-mass spectrum for the reaction is shown on the left-hand side
of Fig. 16. The results for the total cross section are summarized on the right of the same figure. The
overall shape of the excitation function, with the rapid rise from the threshold at Ethrγ = 930 MeV and the
flattening out up to Eγ = 2.5 GeV is well established, but there are still discrepancies between different
measurements in the absolute normalization. The data from the earlier Crystal Barrel experiment
[112, 113] (not shown in the figure) reach a maximum cross section of almost 4µb (but have systematic
uncertainties on the 20% level); the recent CBELSA/TAPS data [111] shown in the figure have been
normalized in the absolute scale to the low energy GRAAL and MAMI data (renormalization factors
on the order of 20%).
For the unpolarized data angular distributions (in different frames) and invariant mass distributions
of the meson pairs and the nucleon - meson pairs (Dalitz plots) have been measured. Typical results for
the invariant mass distributions from the most recent CBELSA/TAPS measurement are summarized in
Fig. 17. Already without a detailed model it is obvious from these results that the three reaction types
discussed above make significant contributions: ∆∗ → P33(1232)η decays produce a pronounced peak in
the ppi0 invariant mass around 1232 MeV/c2, (N?,∆?) → S11(1535)pi0 decays lead to an accumulation
of strength in the pη spectra at the lower limit of possible invariant masses (the sum of the proton and
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Figure 17: Invariant mass distributions of pi0p
(top, left hand side), ηp (top, right hand side),
and pi0η pairs (bottom) from the γp → ppi0η
reaction for different values of the incident pho-
ton energy. The data are taken from Ref. [111]
(red and blue points from CBTAPS 1 and CB-
TAPS 2 data) and the BnGa model fits shown
are discussed in this reference.
η mass of 1485 MeV/c2 is not much below the resonance position), and the a0(980) meson shows up as
a peak in the ηpi0 invariant masses.
Polarization observables have so far only been explored with polarized photon beams (linearly po-
larized at GRAAL and ELSA [109, 111, 115] and circularly polarized at MAMI [116]). Such observables
for a final state with a nucleon and a pair of pseudoscalar mesons can be analyzed in different ways (see
Refs. [104, 117] for a general discussion). For the results from the GRAAL [109] and CBELSA/TAPS
[111] experiments, beam asymmetries were analyzed in quasi-two-body kinematics assuming γp→ ηX,
γp → pi0Y , and γp → pZ, where X → ppi0, Y → pη, and Z → ηpi0 were considered as intermediate
state particles. One can, however, also use a full three-body approach, which involves additional degrees
of freedom. The kinematics are depicted in the left-hand side of Fig. 18. In contrast to single meson
production, two independent planes can be defined, for example the reaction plane spanned by the inci-
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dent photon and the recoil nucleon and the production plane spanned by the two mesons. Modulations
of the differential cross section can then be observed as function of the angle φ between the two planes.
For a linearly polarized beam the differential cross section is then given by
dσ
dΩ
=
(
dσ
dΩ
)
0
[1 + pl(I
c(φ) cos 2φ+ Is(φ) sin 2φ)] , (2.5)
where pl is the degree of linear polarization and I
s and Ic are polarization observables with
Is(φ) = −Is(2pi − φ) =
∞∑
n=1
an sinnφ , (2.6)
Ic(φ) = Ic(2pi − φ) =
∞∑
n=0
bn cosnφ . (2.7)
The constant (n = 0) term in the expansion of Ic corresponds to the two-body beam asymmetry Σ.
For a circularly polarized photon beam (which due to parity invariance does not produce asymmetries
for two-body final states) one gets
dσ
dΩ
=
(
dσ
dΩ
)
0
[
1 + pI(φ)
]
, (2.8)
where p is the degree of circular polarization and I(φ) can be also expanded in the form of Eq. (2.7).
The polarization observables are very sensitive to small reaction amplitudes that enter only via
interference terms. The asymmetry I, e.g., has been recently much explored for the photoproduction
of pion pairs [118, 119, 120, 121], where it uncovered many deficiencies in the existing model analyses
of these reactions. The asymmetries for the ηpi0 final state are substantial; experimental results for Is
and Ic are discussed in [111, 115] and results for I in [116].
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Figure 19: Quasi-free excitation functions for γN → Nηpi measured with a deuteron target.
Left hand side: total cross sections, right hand side: cross section ratios. All data are
preliminary. The model results are from [110, 125].
The experimental results have been studied within the BnGa coupled-channel analysis (see [111,
112, 113, 115]), an isobar model developed by Fix and collaborators (see [110, 116, 122]), and were
also compared to the results from a chiral unitary approach (see [109, 123, 124]). Although there are
differences between the details of the results from the models, the main features seem to be quite stable.
All models agree that close to threshold the reaction is dominated by the excitation of the D33(1700)
resonance and its decay to ηP33(1232). Contributions from non-resonant backgrounds, such as nucleon
Born or t-channel exchanges, appear to be small.
The division of the total cross section into the ηP33(1232), S11(1535)pi
0, and a0(980)p final states in
the BnGa model analysis is shown in Fig. 16. The dominance of the ∆η final state in the threshold
region is obvious. Apart from the D33(1700), the BnGa analysis finds contributions from several other
∆-resonances S31(1900), F35(1905) (both weak), and from P31(1910), P33(1920), and D33(1940) with
decays into ∆η and S11(1535)pi
0 (the ∆η decays are always stronger) and contributions from N? →
S11(1535)pi decays for P11(1710), P11(1880), P13(1900), P11(2100), and D13(2120). The analysis by Fix
and coworkers [110, 122] does not extend over the same energy range (it used mainly the MAMI and
GRAAL data up to an incident photon energy of 1.5 GeV) and did not clearly identify contributions
from the S11(1535)pi final state. For the ∆η final state, contributions from D33(1700), P33(1600) (weak),
P31(1750), F35(1905), P33(1920), and D33(1940) are quoted. The two states P33(1920), and D33(1940)
were seen in both analyses. These two states were first reported from the γp→ pηpi0 reaction by Horn
and coworkers [112] and are very interesting for nucleon structure because they form a parity doublet.
The γp→ ppi0η reaction is obviously an excellent tool for the study of the D33(1700) state. Do¨ring,
Oset, and Strottman [123, 124] have made predictions within a coupled-channel chiral unitary theory
for meson-baryon scattering in which this state is dynamically generated. They predict a strong decay
to the S11(1535)pi final state and this is clearly reflected in the invariant mass distributions within their
model. However, it does not agree well with experiment; invariant mass distributions with a dominant
decay to ∆η fit much better [109].
Further information about the reaction mechanism comes from the isospin degree of freedom. The
possible sequential resonance decays are summarized on the right-hand side of Fig. 18. The γN →
∆? → η∆(1232) → ηpiN reaction chain is characterized by the equal electromagnetic γN∆ couplings
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for the excitation of I = 3/2 states on neutrons and protons, the isoscalar nature of the η, and the
isovector nature of the pion. It then follows immediately that the above reaction chain must have the
same isospin pattern as photoproduction of single pions through the ∆-resonance:
σ(γp→ ηpi0p) = σ(γn→ ηpi0n) = 2σ(γp→ ηpi+n) = 2σ(γn→ ηpi−p) . (2.9)
Preliminary results from a measurement of all four possible final states at MAMI in quasi-free kinematics
from a deuteron target shown in Fig. 19 [126] demonstrate that, up to invariant masses of 1.9 GeV
this relation holds almost perfectly. This means that significant contributions from N? excitations
are ruled out for this energy range. The isospin argument does not help to distinguish between the
∆? → P33(1232)η → Nηpi and ∆? → S11(1532)pi → Nηpi decay chains. Their contributions can be
probed, e.g., by the energy distributions of the mesons discussed in Sec. 3.2.
It should be noted that important FSI effects have been observed for ηpi photoproduction on the
deuteron. The cross sections for the ηpi0 final state are suppressed for quasi-free protons by the order
of 25% with respect to free proton targets, although one should bear in mind that there are still issues
concerning the absolute normalization of the free proton data sets.
2.2 η production in piN collisions
In contrast to the photoproduction case, most of the measurements of the near-threshold pi−p → ηn
differential cross section were carried out many years ago and some inconsistencies are apparent in the
data base [127, 128, 129, 130, 131, 132, 133, 134]. There are, however, two more recent experiments
where the η meson was reliably identified through its 2γ or 6γ decay mode [135, 136].
At threshold the production cross section is dominated by the S11(1535) isobar but, at a little higher
energy, the differential cross section develops an anisotropy, as illustrated by the data [135, 136] shown
in Fig. 20a at a c.m. momentum pη ≈ 140 MeV/c, i.e., an invariant mass of W ≈ 1515 MeV/c2.
Because the distribution is fairly symmetric, it was suggested that the main deviations from isotropy
could arise from the interference between s- and d-waves, where the d-wave amplitude could be quite
small [135, 136]. However, the partial wave analysis curve that is also shown involves significant p-wave
contributions [42].
In addition to the binning in the incident pion momentum, a more serious problem in interpreting
the data is the uncertainty in the knowledge of the absolute pion momentum, which is quoted as being
≈ ±2.5 MeV/c [135] or ≈ ±1.5 MeV/c [136] in the two more recent experiments. Such uncertainty is
particularly significant close to threshold, as can be seen in the evaluation of the average amplitude-
squared:
|f(pi−p→ ηn)|2 = (ppi/pη)σtot(pi−p→ ηn)/4pi, (2.10)
where ppi and pη are c.m. momenta. Thus the biggest contribution to the error bars in Fig. 20b near
threshold comes from the uncertainty in the absolute value of the incident beam momentum, which is
a systematic effect. In all cases the s-d interference drops out in the evaluation of |f |2. The agreement
with the selected older data [127, 128, 130, 133] is reasonable.
Also shown in Fig. 20b is the original scattering-length fit [137] to the older results. This clearly
fails to reproduce the new data close to threshold but, on the other hand, a parameterization of the
S11(1535) resonance [81] describes well the forward dip in |f |2. However, other masses and widths for
the S11 resonance give an equally good description so that these data are not precise enough to tie
down the resonance parameters accurately. It is important to note that the scattering lengths for both
the solid and dashed lines in Fig. 20b are rather similar. The major difference lies in the neglect of the
effective range term in the early work [137] and the consequent scaling to fit the data in the high pη
region.
The data on η′ production in pion-nucleon collisions are even rarer. Apart from early bubble chamber
work [138, 139], there were counter measurements of the pi−p→ nη′ cross sections near threshold [130].
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Figure 20: (a) The pi−p → ηn differential cross section measured at a pion laboratory momentum of
732 MeV/c (blue stars) [135] and 730 MeV/c (red crosses) [136]. The systematic uncertainties were≈ 6%
for the Brookhaven experiment [135] and rather more at Gatchina [136], mainly due to the evaluation
of the acceptance. The curve represents the results of the Bonn-Gatchina partial wave analysis [42].
(b) Average amplitude-squared of the pi−p→ ηn reaction showing the results of Ref. [135] (blue stars)
and [136] (red crosses) as well as a selection of older data [127, 128, 130, 133] (green circles). The solid
(black) line represents the contribution from the N∗(1535) isobar with parameters taken from Ref. [81].
The (blue) dashed line is an effective-range fit [137] to the older data.
2.3 Partial wave analysis
The only pi−p → ηn results available are unpolarized differential cross sections so that the use of
these data alone would necessarily involve significant ambiguities. In addition, as remarked in the
previous section, the data are not very precise and their main use seems to be to determine well the
branching ratios of different nucleon resonances into the ηn channel. However, the ηn system is very
strongly coupled to the pi−p, as is seen in the energy dependence of the pion charge-exchange reaction
pi−p→ pi0n in the backward direction, which has a clear cusp at the ηn threshold [140].
Several coupled-channel partial wave analyses have been carried out in recent years [42, 57, 81, 141],
generally using also information gained from η photoproduction from the proton. Although the main
resonance findings are qualitatively similar, there are significant differences in the details that were
discussed in the photoproduction section.
3 Production in γA reactions
In section 2 we already discussed photoproduction of mesons off light nuclei where the aim was the
study of quasi-free production on the neutron. However, the photoproduction of mesons off medium
and heavy nuclei is mostly used as a tool for the investigation of meson - nucleon (meson - nucleus)
interactions and in-medium properties of hadrons. The experiments can be grouped into three different
types of final states (although this characterization is not always unique and intermediate situations
exist), where different physics topics are explored.
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• In breakup reactions, at least one nucleon is removed from the nucleus and this includes the
so-called quasi-free processes. In the simplest picture of such a reaction, the incident photon
interacts with one individual nucleon, the ‘participant’ off which the meson is produced, while
the rest of the nucleons in the nucleus act only as spectators. This is the approach used for the
extraction of elementary cross sections off neutrons bound in light nuclei but, for heavier nuclei,
FSI processes involving the ‘spectator’ nucleons will always be important. Reactions of this type
are explored for the study of meson - nucleus interactions and for the investigation of hadron
in-medium properties. A recent review of the in-medium properties of scalar and vector mesons
derived from photoproduction and other reactions is given by Leupold, Mosel, and Metag [142];
results for the in-medium properties of nucleon resonances are summarized, e.g., in [143].
• Coherent meson photoproduction is characterized by a final system where the target nucleus re-
mains in its ground state. By exploiting the spin and isospin quantum numbers of the nucleus
one can in principle project out specific parts of the elementary reaction amplitudes. This was,
for example, used (as discussed in section 3.2) to unravel the isospin decomposition of the elec-
tromagnetic S11(1535) excitation using the photoproduction of η-mesons on the deuteron. The
coherent reaction is also used as a doorway for the search of meson-nucleus bound states, such as
the η or η′ mesic nuclei. However, with few exceptions, the typical cross sections are small and
the experiments are demanding (in most cases coherent reactions are difficult to identify in the
presence of much larger contributions from breakup reactions). Detailed studies are so far only
available for pi0 mesons to investigate the in-medium behaviour of the ∆(1232) resonance (see e.g.,
[144, 145]) and, in a completely different context, for the extraction of nuclear mass form factors
[146, 147, 148].
• In incoherent production the final-state nucleus is excited (but otherwise identical with the initial
state nucleus) and de-excites typically by the emission of γ-radiation. Such processes provide
additional selection possibilities as spin- and isospin filters or may be used to study transition
form factors. However, they are still almost unexplored, due to the small reaction cross sections.
For pi0 photoproduction there is a recent measurement for the 4.4 MeV excited state of 12C [149].
3.1 Inclusive production
In this section we will summarize the results for reactions where only the produced meson is used to
characterize the final state. Since the cross sections for coherent production of η and η′ mesons are very
small (see section 3.2), the inclusive reactions are completely dominated by the breakup contributions.
The interaction of mesons with nuclei has contributed greatly to our knowledge of the strong interaction.
Many properties of meson - nucleon potentials have been studied with elastic or inelastic reactions
induced by pion or kaon beams. However, such beams are only available for long-lived, charged mesons.
The interaction of short-lived neutral mesons, such as the η, η′, and ω, can only be studied in indirect
ways when they are produced by some initial reaction in a nucleus and then interact within the same
nucleus. Such measurements provide data for the extraction of meson - nucleus potentials, of meson
in-medium properties like modified masses and/or lifetimes, and may also test the in-medium properties
of nucleon resonances.
Photoproduction is advantageous because there are almost (apart from small shadowing corrections
[155]) no complications from initial state interactions. Due to the small cross section of the electromag-
netic reaction, photons interact also with nucleons bound deeply in heavy nuclei, while hadron-induced
reactions explore mostly the nuclear surface. A comparison of the cross sections for photoproduction
of mesons off nuclei with different mass numbers therefore gives an easy tool to study the absorption
properties of nuclear matter for a particular meson. Within some modelling approaches - for example
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Figure 21: Scaling parameter α as a function of meson kinetic energy T for pio [150], η
[151, 152], η′ [153], and ω mesons [154].
the Glauber-type approximations as in [151] - these can be converted into a meson - nucleon absorption
cross section.
A convenient technique is the study of the scaling of the meson production cross sections with
nuclear mass number A. This typically exhibits a power-law behaviour
dσ
dT
(T ) ∝ Aα(T ), (3.1)
where T is the kinetic energy of the mesons. Qualitatively, small absorption cross sections (transparent
nucleus) correspond to a scaling of nuclear meson production with the volume of the nuclei, i.e., with
their mass number A (α ≈ 1), while large absorption cross sections (black nucleus) result in a scaling
corresponding to the nuclear surface, i.e., with α ≈ 2/3. Typical results are summarized in Fig. 21
for pi0, η, η′, and ω mesons (details for η and η′ are discussed below). The absorption properties for
these mesons are quite different. Pions are strongly absorbed when their kinetic energy is high enough
(> 100 MeV) to excite the ∆(1232) resonance, but nuclei are transparent for low-energy pions [150].
The pion - nucleon interaction is weak at low momenta so that pions cannot be bound in nuclei
(though negative pions can be bound with the help of the Coulomb force [156]). The situation is
completely different for η mesons. Almost independent of their kinetic energy, over a wide range from
a few 10 MeV to 1 GeV, the scaling coefficient is close to 2/3 [151, 152]. The absorption is large, which
means that the meson - nucleon interaction is strong. The difference in the low-energy behaviour for
pions and η mesons is due to the properties of the S11(1535) nucleon resonance. An s-wave resonance
with strong coupling to Nη located very close to (and overlapping with) the η production threshold
generates a very efficient absorption channel for low-energy η mesons. The η - nucleon interaction at
low relative momenta is strong, which is the basis for the investigation of possible η-mesic states to be
discussed later. The absorption of ω mesons is also strong [154] but η′ mesons show an intermediate
behaviour, with scaling coefficients around 0.8 - 0.9 [153].
Inelastic meson - nucleon cross sections have been estimated from the scaling of the cross sections,
either from the scaling coefficients in Glauber-type analyses or from an analysis of the so-called trans-
parency ratios, discussed below in the framework of different models. The η-nucleon absorption cross
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section σηN in nuclear matter was determined from such data [151] to be around 30 mb, corresponding
to a typical mean free path of λ ≈ 2 fm. For the ω meson an absorption cross section of 70 mb was
deduced [154], which is roughly a factor of three larger than the accepted σωN cross section for free
nucleons. A similar result had been previously reported from the LEPS collaboration for the φ meson
[157]. In this case an absorption cross section of ≈ 30 mb was deduced, which has to be compared to the
free nucleon absorption cross section of 7.7 - 8.7 mb. Both experiments have produced strong evidence
for the much discussed in-medium modification of vector mesons. The inelastic η′N cross section, on
the other hand, was estimated in the range of 3 - 10 mb from similar analyses [153]. The absorption
cross sections are responsible for an increase of the widths of the mesons in nuclear matter (due to the
absorption-related decrease of their lifetimes), which is connected to the imaginary part of the meson
- nucleus optical potential. The real part of the potential is reflected in a modification of the meson
masses. For ω mesons a very strong broadening from ≈ 8.5 MeV in vacuum to 130 - 150 MeV in nuclear
matter has been reported [154] while, for the η′, in-medium widths on the order of 15 - 25 MeV have
been extracted [153] (compared to ≈ 0.2 MeV in vacuum).
In the low-density approximation the absorption cross section and in-medium width are related by
[153, 154]
Γ = ρo σinel β , (3.2)
where Γ is the meson width in normal nuclear matter density ρo, σinel is the inelastic cross section, and
β = pm/Em the meson velocity. If the same relation is assumed for η mesons, the absorption cross
section of ≈ 30 mb corresponds to an in-medium width of 70 - 95 MeV (vacuum width 1.3 keV) for η
mesons with kinetic energies between 200 and 1000 MeV. For mesons with lifetimes as long as those of
the η and η′, a measurement of the absorption cross sections is the only way to access the in-medium
width. A direct measurement of the width is not possible since the mesons are either absorbed by
nucleons or escape from the nucleus and subsequently decay in vacuum.
We now discuss in greater detail the results for η and η′ production. Inclusive photoproduction of η
mesons from nuclei has been measured for the deuteron [43, 51, 52, 53, 55], for 3He [45], and for heavier
nuclei such as 12C, 40Ca, 63Cu, 93Nb, natPb [151, 152, 158, 159] at MAMI, at KEK, in Tohoku, and at
ELSA. In general, the agreement between the different measurements is good (see comparisons in [152]).
Typical results for total inclusive cross sections for heavy nuclei from the most recent measurement [152],
covering the widest energy range, are summarized in Fig. 22 (angular and energy-dependent differential
cross sections are also given in [152]). The experimental results are compared to calculations in the
framework of the Giessen version (see [160] for a recent review) of the Boltzmann-Uehling-Uhlenbeck
(BUU) transport model, which incorporates all relevant elementary production cross sections and then
traces the space-time evolution of an ensemble of interacting particles N,N?,∆, pi, η, ... in nuclear matter
from the moment of their creation to their absorption or their escape through the outer boundaries of
the nucleus. Effects like Fermi motion and Pauli-blocking of final states are of course included. In
short, the model incorporates all trivial in-medium effects (such as, e.g., collision broadening of hadrons
in nuclear matter due to the additional decay channels) and, as long as all reaction cross sections are
known precisely enough, can be used as a kind of null hypothesis for non-trivial quantum mechanical
in-medium effects (such as, e.g., chiral restoration effects).
The production of η-mesons from nuclei is complicated by two factors. At incident photon energies
above 930 MeV the cross section for the production of ηpi pairs (see Sec. 2.1.3) rises rapidly and reaches
values comparable to single η production. But these two reactions are not easily distinguishable.
Experimental difficulties arise in particular in the case of charged pions, which might escape detection
when they are too low in energy or emitted along the beam-pipe. Furthermore, the pions may be
lost due to FSI in the production nucleus. However, one could argue that, for the measurement of
the absorption properties of η mesons in nuclear matter, such effects do not matter much because the
absorption probability of an η depends only on its kinetic energy and not on its initial production
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Figure 22: Total cross sections for η photoproduction off heavy nuclei from [152]. Left hand
side: fully inclusive η production (γA → Xη, no restriction on X, which can be a multi-
particle final state, possibly also including further mesons such as pions). Centre: exclusive
quasi-free η-production γA → (A − 1)Nη (identified by cuts on the reaction kinematics).
Right hand side: difference between the inclusive and exclusive cross section, which arise
mainly from γA → (A − 1)Nηpi. Data from [152], theory curves from GiBUU model [161,
162, 163, 164] taken from [152].
reaction. More problematic are the η that are produced in secondary reactions where, in the first step
for example a pion is produced, which is then reabsorbed by a nucleon to produce an η. This reaction
chain contributes significantly since the production cross section for pions is large and the S11(1535)
resonance, which has an almost 50:50 branching ratio to Npi and Nη, offers a very efficient conversion
mechanism. In contrast to the direct processes, secondary production will not scale linearly with the
mass number so that the scaling behaviour of the final and initial states will be mixed.
The left hand side of Fig. 22 shows the total inclusive reaction cross section γA→ ηX (no condition
on X) for different nuclei. The agreement with the BUU calculation is quite good for carbon, calcium,
and niobium, but somewhat poorer for lead. The central part of the figure shows the best possible
approximation for single, quasi-free production of η mesons, which has been selected by a cut on the
missing mass of the reaction (cut at ∆m > 140 MeV/c2, see the missing-mass spectra in Fig. 23).
This cut removes the production of ηpi pairs but not all the contributions from secondary reactions.
Nevertheless, the comparison of data and BUU predictions shows that the S11(1535) resonance does
not show any unexpected in-medium modifications. The peak shape agrees reasonably well with the
BUU predictions and the cross sections scales with A2/3. The right hand side of the figure shows the
difference of the inclusive and exclusive reactions. This cross section rises strongly at the ηpi production
threshold (for free nucleons at 930 MeV) and has an energy dependence similar to the photoproduction
of ηpi pairs. The peak cross sections are in the range of 2.2µb/A for 12C and 1.7µb/A for Pb, which
are in reasonable agreement with the ≈ 2µb/A cross section average for the pi0η and pi±η final states
measured for the deuteron target (see Sec. 2.1.3). In this sense one may regard the data as an indirect
measurement of ηpi production off nuclei. These data include, of course, contributions from secondary
processes. The BUU model results suggest that this contribution is at the same level or even larger
than ηpi production. However, the results of this model are not in good agreement with data. They
underestimate the difference cross section (see Fig. 22, right hand side) and do not reproduce the shape
of the missing-mass spectra. A comparison of the data and model results demonstrates that the excess
of the measured cross section compared to the BUU results is related to large missing masses in the
region where both piη and secondary production peak, while single η production seems to be much
better described by the model (see Fig. 23, right hand side).
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Figure 23: Left hand side: scaling parameter α as function of Eγ for fully inclusive η produc-
tion. Insert: two examples of individual fits. Centre: scaling parameter α as a function of the
η kinetic energy for different ranges of incident photon energy. Right hand side: missing-
mass distributions. All data from [152]. Results from the GiBUU model for the missing
mass [152], solid (black) curves: full model, dotted (red): single, quasi-free η production,
dash-dotted (blue) ηpi production, dashed (green) η production from secondary processes.
All cross sections normalized to A2/3, figures from Ref. [152].
The analysis of the scaling behaviour for η mesons is summarized in Fig. 23. The left hand side
shows the scaling coefficient for the total cross section. It rises from ≈ 2/3 at threshold to almost
unity at the highest incident photon energies. It might be tempting to interpret this as showing that
close to threshold nuclear matter is black for η mesons, due to absorption into the S11(1535) state,
but then becomes more transparent at higher incident photon energies, where no strong coupling to
resonances exists. However, the central part of the figure shows that this is not the case. Plotted are
the scaling coefficients as functions of the meson kinetic energy for different ranges of incident photon
energy. The expectation is that the absorption properties of the nucleus, and thus the scaling, should
depend mainly on the kinetic energy of the mesons, regardless of the initial photon energy, but the
opposite is the case. For all the incident photon energies investigated, the scaling coefficients drop for
constant Eγ from almost unity at small Tη to ≈ 2/3 at maximum Tη; for a given kinetic energy they
are very dependent on Eγ. Such a behaviour can arise if the initial production cross sections (before
FSI) do not scale with the mass number, which would be the case if there were significant contributions
from secondary production processes. The true dependence of α on Tη can thus be tested best with
the scaling at kinetic energies close to the maximum values of Tη for a given incident photon energy
(because secondary production processes are then strongly suppressed by the kinematics). For this
a compromise has to be made between the suppression of the secondary processes and the statistical
precision. The results from [152], which are included in Fig. 21, were analyzed under the condition that
Tη > (Eγ −mη)/2, (3.3)
where Eγ is the incident photon energy and mη the mass of the η meson. The results indicate strong
absorption for all the η kinetic energies investigated.
The photoproduction of η′ mesons was analyzed in the same way (actually for the only experi-
mental results available so far, the data from the Crystal Barrel/TAPS experiment analyzed in [152]
for η production were used). The η′ mesons were identified via an invariant-mass analysis of their
η′ → ηpi0pi0 → 6γ decay [153]. The analysis of the nuclear absorption properties used the so-called
transparency ratio T , which compares the total production cross section σγA→mX from a nucleus with
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Figure 24: First three figures from left to right: transparency ratios as functions of the
nuclear mass number for three ranges of incident photon energy. Data (red triangles) com-
pared to model predictions for different values of the η′ in-medium width. Right hand side:
transparency ratios for η, η′, and ω production with (closed symbols) and without (open
symbols) cut on Tkin > (Eγ −mmeson)/2. Figures from [153].
mass number A to A-times the elementary production cross section σγN→mX on the nucleon:
TA =
12σγA→mX
A σγ12C→mX
(3.4)
where m denotes any meson. In order to account for the cross section difference between the proton
and neutron, and also possible secondary production processes, it is better to normalize to an average
nucleon cross section measured for a light target nucleus with equal numbers of protons and neutrons.
Generally this is taken to be carbon, which leads to the TA defined in Eq. (3.4). This type of analysis
is equivalent to the evaluation of the scaling coefficients α, which were also extracted from the data.
The deviations of the cross sections from the scaling with the mass number A can be related to the
in-medium width of the produced meson (the basic idea is simple; the smaller the scaling coefficient
the larger the absorption probability, the larger the reduction of lifetime of the meson and the larger its
effective in-medium width). The formalism, which does not require a particular model for the elementary
production process, is given in [165, 166, 167]; details such as corrections for photon shadowing effects
[155] and two-body absorption processes are discussed in [153]. Results for TA for η
′ production off
nuclei are summarized in Fig. 24 and compared to predictions assuming different values for the η′ in-
medium width [153]. The comparison reveals an in-medium width of 15 - 25 MeV at normal nuclear
matter density ρ = ρo, which corresponds to an imaginary part of the η - nucleus optical potential of
−(10±2.5) MeV [168].
The absorption probability and the imaginary part of the optical potential for η′ mesons are signif-
icantly smaller than for other mesons for which similar analyses have been performed. This is shown
at the right hand side of Fig. 24, where the transparency ratios for η, ω, and η′ mesons are compared.
The slope for the η′ meson is much less steep. The analysis demonstrates also that the complications
from secondary production mechanisms is only important for η mesons. The η, ω, and η′ data have
been analyzed with and without a cut of Eq. (3.3) on the meson kinetic energy. The effect of the cut,
which selects mesons with large kinetic energy that are unlikely to be produced by secondary processes,
is almost negligible for η′ and ω but is strong for the η, due to the efficient piN → S11(1535) → Nη
conversion chain. Such a conversion mechanism is absent for the η′ and the piN → Nη′ cross section of
only ≈ 0.1 mb is unusually small [138, 139].
The measurement of the absorption cross section gives practically the only access to the imaginary
part of the nucleus - meson optical potentials for mesons that live long enough in vacuum to escape
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Figure 25: Left hand side: the threshold behaviour of γA → Xη′ [168]. The vertical line
indicates the threshold for free nucleons. Open and closed symbols represent two different
analyses of the data, which should be equivalent (see [168] for details). The curves represent
model predictions for different assumptions on the depths of the real potential [169]. The
reduced χ2 for the fit of the theory curves to the data is shown as function of the potential
depth. Right hand side: comparison of data [168] and model calculations [169] for the mo-
mentum distributions of the η′ mesons for incident photon energies between 1500 - 2200 MeV
and reduced χ2/f for the fit of model results to the data. All model results are normalized
by a common factor (0.75) to the total cross section of the data for Eγ > 2.2 GeV. Figures
are taken from [168].
from nuclei unless they are absorbed by a nucleon. The situation is different for very short-lived mesons
decaying inside the nucleus, which have been explored by direct measurements. One example is the
ρ in-medium width, which was studied by the CLAS collaboration [170, 171] using the ρ → e+e−
Dalitz decay. However, already for ω mesons with much shorter lifetimes than the η and η′, line-shape
measurements are challenging [172].
A similar restriction applies to the η and η′ measurements of the real part of the optical potential
where a direct measurement of a mass shift of the mesons in nuclear matter is also excluded. One
may, however, explore two indirect consequences of a meson mass shift in nuclear matter and this has
been done for the η′ produced off 12C nuclei by Nanova and coworkers [168] with data taken at the
CBELSA/TAPS experiment. The first method is based on the energy dependence of the total cross
section close to the production threshold. Due to the nuclear Fermi motion, the production threshold
for γA → mX (m any meson) is pushed far below the production threshold for free nucleons. Such
reactions can, in principle, occur almost down to the threshold of the coherent reaction γA→ mA (only
shifted slightly upward due to the nucleon binding energy). The production threshold for η′ mesons
off the free nucleon is at ≈ 1.447 GeV, while the threshold energy for the coherent reaction is only
≈ 1 GeV. The absolute value and the energy dependence of the cross section around and below the free
production threshold depend on the in-medium mass of the meson.
The use of the threshold effect, is of course, quite model dependent. One needs predictions of
the nuclear cross section based on the elementary production cross sections for protons and neutrons,
the nuclear spectral function taking into account the bound-nucleon momentum distribution, and the
influence of FSI processes. The analysis in [168] used model predictions by Paryev [169] which had, as
input, the elementary production cross sections off protons and neutrons from [37] and [98] and, for final
state absorption, an inelastic in-medium η′N cross section of σinel that is similar to the values extracted
from the nuclear transparency measurements discussed above (σinel= 3 - 10 mb). Model predictions for
nuclear potential depths of V = 0, −25, −50, −75, −100, −150 MeV and normal nuclear density ρo are
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compared to the data on the right hand side of Fig. 25. It should, however, be noted that the model
does not reproduce the absolute magnitude of the measured cross sections. Part of the difference may
be related to the photon shadowing effect [155], which was not included into the model. It accounts,
however, only for a 10% correction while the mismatch is on the 25% level. All model results have
therefore been renormalized to the measured cross section for incident photon energies above 2.2 GeV.
This is the energy range where the model does not show any sensitivity to the nuclear potential (the
same renormalization factor was used for all model curves). After this renormalization, the reduced χ2
for fits of the data to the model curves were determined (see Fig. 25). As a result a potential depth of
−(40±6) MeV was extracted. There are also, of course, systematic uncertainties in this procedure, but
strongly attractive potentials on the order of −100 MeV or deeper appear improbable.
Another means to access the in-medium mass shift comes from the momentum distribution of the
observed mesons. Mesons that are produced inside the nucleus with a reduced mass must somehow
restore their on-shell value when they emerge into free space. As a consequence of energy conservation,
this will happen at the expense of their kinetic energy. Therefore, the kinetic energy spectra (or the
momentum distributions) also carry, of course in a model-dependent way, information about the in-
medium mass. This was demonstrated with GiBUU calculations [173] and is also included in the model
predictions from Paryev [169]. The measured cross sections and the model predictions for the momentum
distributions are compared on the right hand side of Fig. 25. The model results were renormalized to
the data with the same common normalization constant as for the total cross sections. The reduced
χ2 of the fit to the data results in a potential depth of −(32±11) MeV. The systematic uncertainty
is somewhat larger than for the analysis of the threshold behaviour of the cross section because the
experimental resolution for the pη′ (between 25 and 50 MeV) must also be considered while resolution
effects for the incident photon energy (≈ 4 MeV) are negligible. The final result for the real part of the
potential is [168]
Vo(ρ = ρo) = −(37± 10stat ± 10sys) MeV. (3.5)
Taken together with the results for the imaginary part (−10±2.5 MeV) from the transparency mea-
surements [153], this leads to an optical potential for η′ mesons in a carbon nucleus of:
Uη′(r) = V (r) + iW (r) = (Vo + iWo) ρ(r)/ρo = −(37 + i10) MeV ρ(r)/ρo, (3.6)
where r is the distance of the meson from the centre of the nucleus and the uncertainties in the numerical
values of the potential parameters are given above.
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Figure 26: Predicted positions and widths of quasi-bound η′ states states in 12C for different
optical potential parameters [174].
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The potential parameters are important input for the question whether quasi-bound states exist for
the η′ meson in nuclei. Figure 26 summarizes the predictions of the positions and widths of quasi-bound
η′ states in 12C nuclei for different potential depths made by Jido and co-workers [174]. For sufficiently
large real parts of the potential, several states with widths much smaller than the binding energy are
predicted. However, one should note that all predictions refer to depth of the real potential of 100 MeV
or larger, while the experimental results suggest a more shallow potential with a depth not larger than
50 MeV. A large imaginary part of the potential results in very broad states, which would probably
escape detection. The combined results from [153, 168] suggest that the potential is attractive (Vo < 0),
although only moderately strong. However, since |Vo| >> |Wo|, it is not impossible that reasonably
narrow states might be formed.
Photon-induced searches for quasi-bound η′ states are planned for the BGO-OD experiment at
ELSA, where two types of measurements are envisaged [20]. Both of them are based on reactions where
the η′ is produced in quasi-free kinematics off a proton, which is kicked out of the target nucleus (12C)
at very forward angles so that it takes away most of the momentum of the incident photon, leaving
the η′ almost at rest in the residual nucleus. In an inclusive measurement, only the momentum of the
fast proton will be measured (the magnetic spectrometer of BGO-OD will have a momentum resolution
of 1 - 2%). The reaction identification will then be based on the missing-mass spectrometry of the
proton. Characteristic spectra from the formation of quasi-bound states have been predicted, e.g.,
by Nagahiro and coworkers [175]. In a semi-inclusive mode the decay of the η′-mesic state should be
detected in coincidence with the fast forward proton. States below threshold cannot, of course, decay
via η′ emission; they will emit lighter mesons or nucleons. Model results from Oset and Ramos [176]
indicate that the dominant decay mode should be η′N → ηN , so the planned experiment will detect η
mesons in coincidence with fast forward protons.
However, one should keep in mind that the cross sections for these reactions are small (predic-
tions for the inclusive experiment are on the order of a few nb/sr MeV [175] for potential parameters
(Vo,Wo)=(−100,−5) MeV). The background from competing processes may be substantial and so these
proposed measurements appear quite challenging. Furthermore, not only the nuclear ground state but
also excited nuclear states may couple so that the structures may be additionally washed out.
3.2 Coherent production
3.2.1 Single η-production off 3He and 7Li nuclei
The coherent photoproduction of mesons can give valuable information on the isospin decomposition
of the production amplitudes. This has been exploited for η production, where measurements of the
breakup reaction [51, 52, 53] revealed a neutron/proton cross section ratio of 2/3. According to Eq. (2.1),
this indicated that either the isoscalar or the isovector photons dominate the reaction. The small cross
sections reported for the coherent γd → dη reaction [51, 52, 63] established the dominance of the
isovector part (see [49] for details).
For heavy mesons like the η or η′, due to the relatively large momentum transfers involved, coherent
production from even light nuclei is strongly suppressed by the nuclear form factors. Only a few data sets
are therefore available and these are mostly for incident photon energies in the immediate neighbourhood
of the threshold. In the case of η photoproduction, the situation is particularly unfavourable. For spin
J = 0 nuclei, such as 4He, coherent photoproduction of pseudoscalar mesons in relative s-wave is
forbidden due to spin/parity conservation; even very close to the production threshold only breakup
reactions contribute [177, 178]. Furthermore, due to the quantum numbers of the dominating amplitude,
which is the isovector component of the E0+ multipole (from the excitation of the S11(1535) resonance),
there are large cancellations even when J 6= 0.
The motivation to measure the coherent reaction comes mainly from the search for η-mesic nuclei
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(see discussion in Sec. 7). The basic idea is that η-mesic states that overlap the coherent production
threshold should strongly influence the threshold behaviour of the reaction. This concerns the energy
dependence of the total cross section as well as the angular distributions. Due to the above constraints,
only nuclei with J, I 6=0 are promising candidates for this approach. Among the stable light nuclei this
condition is fulfilled for 3He (I = 1/2, Jpi = 1/2+) and 7Li (I = 1/2, Jpi = 3/2−).
The reactions have been studied at MAMI, first with the TAPS detector [179] for the 3He target, and
later with the Crystal Ball/TAPS setup for 3He [180] and 7Li [147]. The experimental challenge is that
the recoil nuclei are stopped in the liquid helium or solid lithium targets so that a direct identification
of the coherent process is impossible (active gaseous helium targets provide much too low luminosities).
For detectors that cover large solid angles, such as Crystal Ball/TAPS, a significant suppression of the
breakup background is achieved by vetoing events where, in addition to the meson-decay photons, a
recoil nucleon is detected. However, low energy recoil protons and recoil protons at extreme forward
angles escape detection and the detection efficiency for the recoil neutrons is, at best, in the 30 - 40%
range.
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Figure 27: Missing energy spectra for η production off 3He nuclei for different bins of incident
photon energy [180]. Top row for the η → 2γ, bottom row for the η → 3pi0 → 6γ decay.
Black symbols with error bars: measured data, solid (red) curves: simulated line shapes for
the coherent γ3He→ η3He reaction, dashed (blue): breakup reaction with recoil taken by a
nucleon, dotted (green): recoil taken by a di-nucleon, solid (black): sum of all.
The final separation of breakup and coherent reactions must rely on the reaction kinematics. This
is done with a missing-energy analysis, where the measured kinetic energy of the meson in the c.m.
frame is compared to that extracted from the incident photon energy for the two-body η - nucleus final
state. The missing-energy spectra for the 3He target and both analyzed decay branches of the η-meson
are summarized in Fig. 27 [180]; results for the 7Li target [147] are qualitatively similar. While the
identification of the η mesons via invariant mass analysis is clean (in particular the η → 3pi0 decay
channel is almost background-free in the near-threshold region, see [147]) residual background from
breakup reactions becomes dominant in the 3He case already 40 MeV above threshold. Only the fitting
of the simulated line shapes for the coherent and breakup reactions to the experimental data allows the
extraction of the coherent part. It is only in the first energy bin, centred around 604 MeV, that a clean
coherent signal is visible because this energy is below the threshold for a breakup reaction.
Total cross sections extracted from such analyses are shown in Fig. 28. The agreement between the
two MAMI experiments for 3He is reasonable, but the older data [179] show a dip around 625 MeV that
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Figure 28: Total cross section for the γ3He → η3He [180] (left hand side) and γ7Li → η7Li
[147] (right hand side) coherent η-production reactions. The green points for 3He are from
[179]. The curves represent PWIA modelling. For the 7Li target the inelastic contribution
(excitation of low lying nuclear state) is shown separately and calculations using the full
elastic form factor or only the p-wave part are shown. The dotted lines indicate coherent
and breakup thresholds. The inserts show the ratio of data to the PWIA prediction; in the
7Li case this is shown separately for the full and p-wave form factor.
was not confirmed in the later experiment. This is in the most critical region as far as the separation
of the coherent components and breakup reactions is concerned; at lower photon energies the breakup
background is not so important and at higher energies it is better separated from the coherent channel
in the missing energy plots. Since the Pfeiffer et al. measurement [179] suffered from significantly larger
breakup background than the more recent experiment (the apparatus covered a smaller fraction of the
solid angle so that the vetoing of events with recoil nucleons was less efficient), it seems likely that
systematic uncertainty in this region was larger. The statistical fluctuations are obviously also much
more significant. The 7Li data are so far the only results for coherent production from nuclei heavier
than the deuteron or 3He. The cross section is smaller by one order of magnitude than that on 3He
and the rise at threshold is less steep (the plateau value of the cross section is reached for 3He within
≈ 10 MeV, for 7Li only ≈40 MeV above threshold).
The energy dependence of the 3He data is striking. The cross section rises very steeply from the
production threshold and then stays almost constant. Already the data point between the coherent
and breakup thresholds reaches more than half the plateau value. Here, one should note that the
experimental resolution for the incident photon energy is much better than the bin size in the figure [61]
so that resolution effects for the slope are negligible. A similar but even more spectacular behaviour has
been observed for the dp→ 3He η reaction measured at COSY [181, 182] (see Fig. 39 and the discussion
in Sec. 6.2.1). This has been interpreted as at least a signature of strong FSI effects and possibly some
evidence for the formation of a mesic state (the similar and unusual threshold behaviour of reactions
with different initial states is most likely due to the FSI). The behaviour of the angular distributions
supports this picture. Close to threshold they are almost isotropic and not forward peaked as one would
expect from the influence of the nuclear form factor, which becomes significant only at higher energies.
The lithium results behave more as one would expect.
For a more quantitative discussion, both data sets have been compared to the predictions of a simple
Plane-Wave-Impulse-Approximation (PWIA) using the formalism outlined in [147, 180]. For a given
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Figure 29: Angular distributions of γ3He → 3He η (left hand side) and γ7Li → 7Li η (right
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averaged over both decays. The curves are the predictions from the PWIA approximation
(see text). For lithium, the PWIA results are shown for the full form factor (solid) and the
p-wave form factor (dotted).
incident laboratory photon energy Eγ (four-momentum Pγ) and an off-shell nucleon moving with three-
momentum ~pN (four-momentum PN) inside the nucleus the effective total c.m. energy W =
√
seff is
obtained from
seff = (Pγ + PN)
2. (3.7)
The nucleon momentum ~pN is related in the factorization approximation [144] to the momentum transfer
~q to the nucleus (note that the expressions in reference [144] are formulated for the c.m. system while
in [147, 180] the laboratory frame has been used)
~pN = −
(
A− 1
2A
)
~q , (3.8)
where A is the target mass number. The amplitudes of the elementary reactions are then evaluated at
W (Eγ, ~q). Up to this point there is analogy to the much better studied coherent pi
0 photoproduction off
(mostly J = 0) nuclei [144, 145, 146, 147]. In this case the spin- and isospin-independent components
of the elementary amplitude from all nucleons must be coherently added. However, since threshold
η-production is dominated by the E0+ spin-flip amplitude, only the unpaired nucleon can contribute.
For 3He this is (dominantly) the 1s1/2 neutron and for
7Li the 1p3/2 proton. This means, of course, that
coherent η-production does not profit from the A2 factor resulting from the coherent superposition of
scalar amplitudes. This feature, together with the larger momentum transfers, explains the small cross
sections observed.
Taking into account the phase-space factors related to the transformation from the photon - nucleon
c.m. system to the photon - nucleus c.m. system and the nuclear form factors, the differential cross
section can be written as
dσPWIA
dΩ
(Eγ, x) =
(
q
(A)
η
k
(A)
γ
· k
(N)
γ
q
(N)
η
) (
FA(q
2)
Fp(q2)
)2 dσelem
dΩ
, (3.9)
where k
(N)
γ and q
(N)
η are the photon and η three-momenta in the photon-nucleon c.m. system and k
(A)
γ
and q
(A)
η the same in the photon-nucleus c.m. frame. We also define x = cos θ∗η, where θ
?
η is the polar
angle of the η meson in the photon-nucleus c.m. system. The elementary cross section dσelem/dΩ is
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the (measured) γn → nη cross section for the 3He target and the γp → pη cross section for 7Li. Since
meson photoproduction probes the distribution of point-like nucleons in the nucleus, the nuclear form
factors FA must be divided by the nucleon form factor Fp (the charge form factor of the proton is used)
to account for the contribution of the finite radii of the nucleons to the nuclear charge form factors. For
the 3He target the charge form factor [183] of this nucleus has been used.
The situation is a bit more complicated for the 7Li case. This nucleus has the low lying state
(Jpi = 1/2−, 478 keV excitation energy), corresponding to the excitation of the 1p3/2 proton to the
1p1/2 state. This contribution cannot be separated experimentally from the coherent reaction because
the missing-energy resolution is by no means good enough and the coincident detection of a 478 keV
de-excitation photon is not possible. The form factor that should be used in Eq. (3.9) must therefore
include contributions from both the elastic and the inelastic excitation to this state, as given in [184].
Furthermore, since only the p3/2 proton contributes, there is some ambiguity whether for the elastic
part the full form factor or only the p-wave part is relevant. In [147] the full form was used but here
we compare the data also to a model calculation based on the p-wave form factor.
The results of the PWIA calculations are compared to the data in Figs. 28 and 29. In the case
of 3He the rise at threshold is much less steep in the model. The ratio of data and PWIA shown in
the insert of the figure rises very strongly towards threshold (note the logarithmic scale). The angular
distributions in the model show the expected rise to forward angles due to the form factor influence
for all energies. However, the measured distributions are almost isotropic in the neighbourhood of the
threshold and might even show a slight rise to backward angles for the energy bin between coherent
and breakup threshold. This behaviour is interpreted as evidence for strong FSI effects.
The results for the 7Li target are more in line with the PWIA approximation predictions for both
the energy dependence of the total cross section and the shape of the angular distributions. Due to the
much smaller cross section, the statistical quality of the data is of course inferior to the 3He results so
that the angular distributions could only be investigated in coarser energy bins. As shown on the right
hand side of Fig. 28, the expected contribution from the excitation of the 1/2− state is substantial and
the modelling using the full elastic form factor is in better agreement with the measurement than the
ansatz using the p-wave form factor.
In summary, the data for 3He show evidence for strong FSI effects and, in combination with the
corresponding COSY data for the dp→ 3He η reaction [181, 182], make 3He so far the best candidate for
the observation of an η-mesic state, although there is no final proof that the system is really quasi-bound.
There were also attempts in [179, 180] to observe the decay of the η-mesic 3ηHe state via pi
0− p back-to-
back emission following the capture of the η by a nucleon into the S11(1535) resonance (see discussion
in Sec. 7.2). With this decay channel it is possible to probe also the region below the η threshold. The
observation of a peak-like structure at the η threshold was interpreted in [179] as tentative evidence for
this decay. However, it was shown later [180] that this structure is an artefact, related to the interplay
of the energy and opening-angle dependence of the ppi0 decay of nucleon resonances, which obscures
any possible signal from an η-mesic state.
The data for the 7Li nuclei do not show any unusual behaviour and can be reasonably well reproduced
by the PWIA approximation so that there is so far no experimental indication of a heavier η-mesic state.
Due to the behaviour of the nuclear form factors and the spin-flip nature of the dominant transition
amplitude, most nuclei are excluded as targets for coherent η production. For heavier nuclei one could
of course try instead to use the breakup reaction tuned so that the recoil nucleon takes away the
momentum of the incident photon and the η is produced (almost) at rest in the nucleus, or to explore
the coherent production of piη-pairs discussed below. Such experiments have been proposed but have
not yet performed.
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3.2.2 Coherent production of pi0η-pairs
As discussed in Sec. 2.1.3, the production of ηpi pairs is dominated in the threshold region by the
γN → D33(1700) → η∆(1232) → ηpiN ′ reaction chain. In this reaction the η is emitted in relative s-
wave and the pion from the ∆ resonance in relative p-wave. A model analysis of the elementary reaction
[122] finds comparable spin-dependent and spin-independent contributions to the amplitude, so that the
coherent production mechanism is not suppressed for spin J = 0 nuclei as it is for single η production.
Since, in addition, the electromagnetic excitation of a ∆ state involves only isovector photons, there
are also no cancellations. Significant cross sections have therefore been predicted for the γA → Api0η
reaction off light nuclei such as the deuteron or 3,4He [185]. The predicted total cross sections for 3He are
of the same order of magnitude as for coherent η production off this nucleus (although the elementary
cross sections differs by roughly one order of magnitude) and for 4He the predicted cross sections are
even larger. As a side remark, due to the coherent addition of the amplitudes from all nucleons without
cancellations, coherent cross sections from heavier nuclei are probably substantial and might in future
be explored for detailed studies of η interactions with nuclear matter.
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Figure 30: Identification of the coherent γd→ dηpi0 reaction in the CBELSA/TAPS experi-
ment [186]. Left panel: time-of-flight versus energy for charged and neutral non-photon hits
in the TAPS forward wall. For charged hits (left most plot), apart from the dominating
proton band, a pronounced deuteron band is visible. Right hand side: invariant mass identi-
fication of pi0 and η and missing-mass spectrum (after cut on the deuteron band and the pi0
and the η invariant masses). Note the small width of the missing-mass peak. Missing-mass
peaks from breakup reactions are broader, due to the Fermi motion.
The only results available so far for coherent ηpi0 production are preliminary data for the deuteron
target from the CBELSA/TAPS experiment at ELSA [186]. The clean identification of this reaction
is demonstrated in Fig. 30. Kinetic energy distributions of the pi0 and η mesons are shown in Fig. 31.
These data also clearly support the dominance of the ∆? → ∆(1232)η → Npi0η decay chain. The
kinetic energies of the pi0 mesons peak for all incident photon energies close to the value typical for the
∆(1232) → Npi0 decay (Ekinpi = 130 MeV) while the kinetic energies of the η mesons shift to higher
values with increasing incident photon energy. The data are in quite good agreement with the results
of the model of Egorov and Fix [125], so that their predictions for the γ4He→ 4He ηpi0 reaction (total
cross sections up to 100 nb) are also probably realistic. With the additional degree of freedom from
the pi0 meson kinematics, where events can be selected for which the η is slow with respect to the 4He
nucleus, it seems that the γ4He→ 4He ηpi0 reaction may be a promising tool for the search for 4ηHe. A
corresponding experiment proposal has been accepted for CBall/TAPS at MAMI but the measurement
has not yet been undertaken.
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Figure 31: Distributions of the kinetic energies of the pi0 and η mesons from γd→ dpi0η for
three different ranges of incident photon energy. (Black) circles: pi0, (red) squares η mesons.
Dashed curves: phase-space simulation, solid curves: simulation assuming the sequential
decay of a ∆∗ via η emission to the ∆(1232). Results from [186].
3.2.3 Coherent production of η′ mesons
For completeness let us make a short remark on the coherent photoproduction of η′ mesons off nuclei,
which is so far almost completely unexplored. The cross sections are expected to be very low, mainly
because of the large momentum transfers and the small elementary cross sections. Since, just as for η
production, this reaction also seems to be dominated in the threshold region by the excitation of an S11
partial wave (although probably not so strongly as for η production) it will be also strongly suppressed
for spin J = 0 targets. So far there are only a few data points for the γd→ dη′ total cross section [98].
Depending on the analysis assumptions, it seems that these are of the order of a few nb. Model results
[98], based on the η′-MAID model, are of a similar order, but the uncertainties in the data are still so
large that no definite conclusions can be drawn.
4 Production in pion-nucleus collisions
There have been far fewer measurements of η production from nuclei with low energy pion beams than
with photons or nucleons and, of these, only two are really significant.
4.1 The d(pi, η)NN reaction
In quark language, charge symmetry corresponds to the invariance of interactions under the interchange
of the u and d quarks. This symmetry requires that the total cross sections for the interaction of pi+ and
pi− mesons with the deuteron should be identical. This was tested many years ago for pion laboratory
energies between 70 and 370 MeV in a classical transmission experiment [187]. After making corrections
for direct Coulomb effects, residual differences of up to 5% were found between σtot(pi
+d) and σtot(pi
−d).
These differences could be parameterized in terms of small amounts of charge symmetry breaking (CSB)
in the masses and widths of the ∆(1232) isobar, driven by the u–d mass difference.
The equality of the pi+d and pi−d cross sections should also hold for more exclusive reactions and
this has been tested through the measurement of the ratio R = σtot(pi
+d → ppη)/σtot(pi−d → nnη) in
the near-threshold region [188], though no attempt was made to extract values of the individual cross
sections. Only the η meson was detected through its two-photon decay with the NaI calorimeters that
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Figure 32: Measurements of the ratio R = σtot(pi
+d→ ppη)/σtot(pi−d→ nnη) after adjustment for the
n–p mass difference and initial-state Coulomb interaction [188]. The (red) line with hatching represents
the mean value and its uncertainty.
formed the central part of the spectrometer used to study the pi−3He → η 3H reaction [189] discussed
in the next section.
There are several obvious corrections that have to be made to the ratio R before the results shown
in Fig. 32 as a function of the excess energy Q can be fully assessed. These include Coulomb effects,
phase-space corrections, and the charge dependence of the S11(1535) mass. The residual contribution
to the mean value of the ratio, R¯ = 0.938 ± 0.009, was interpreted as being due to charge-symmetry-
breaking η–pi0 mixing, with a mixing angle of 1.5◦±0.4◦ [188]. This is one contribution to the dd→ pi0α
reaction, which is the cleanest CSB test because it does not rely on interference effects [190].
4.2 The pi−3He→ η 3H reaction
The only measurement of coherent η-production induced by a pion beam is that of pi−3He → η 3H.
This was first studied at a single beam momentum for a couple of large angles by identifying the recoil
triton [191] and subsequently at five momenta in the forward hemisphere by detecting the η → γγ decay
products in the LAMPF two-photon spectrometer [189]. The incident pion laboratory momenta between
590 MeV/c and 680 MeV/c corresponded to η c.m. momenta between ≈ 78 MeV/c and 278 MeV/c. The
shapes of the angular distributions were reasonably well described by DWIA calculations based upon
pi−p→ ηn amplitudes dominated by the N∗(1535) isobar but these underestimated the magnitudes of
the cross sections by typically a factor of two. This deficit has been ascribed to contributions from two-
and three-nucleon mechanisms which increase the magnitudes while affecting the angular distributions
far less [192].
Figure 33 shows the forward pi−3He→ η 3H differential cross section obtained by extrapolating the
measured data using shapes given by the single-nucleon DWIA estimates [189]. However, as shown by
the dashed line, this underestimates the absolute magnitudes by about a factor of two. Calculations
that include two- and three-nucleon terms (solid curve) lead to a much better description [192].
Unfortunately, the data do not extend down to the near-threshold region where the η3H final state
interaction plays such an important role in other reactions. However, the kinematics are very similar
to those of the γ3He → η 3He reaction which, away from the FSI region, are well described in impulse
approximation [180]. Clearly, if two-step processes with intermediate virtual pions are significant in the
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Figure 33: Differential cross section for the pi−3He → η 3H reaction extrapolated to the forward
direction using shapes given by DWIA calculations [189]. The (blue) dashed curve assumes only single-
step contributions whereas the solid (red) one includes also two- and three-nucleon mechanisms, though
the latter has only a minor effect [192].
(pi−, η) case then it would seem that this should also be true for (γ, η) as well. It might therefore be
helpful if the two reactions were analyzed simultaneously.
The LAMPF two-photon spectrometer was also used to measure the inclusive 12C(pi+, η)X reaction
at 680 MeV/c [193] and the limited data set has been analyzed successfully in DWIA approaches [194,
195].
5 Production in nucleon-nucleon collisions
5.1 η production in pp collisions
The total cross section for the pp → ppη reaction has been measured by a variety of groups [196, 197,
198, 199, 200, 201, 202, 203, 204] and the results are shown in Fig. 34 as a function of the excess energy
Q = W − 2mp − mη, where W is the total centre-of-mass energy. In most of these experiments the
reaction was identified by measuring the two final protons and reconstructing the η through the missing-
mass peak in the reaction. However, in the PINOT experiment [196, 203] only the two photons from
the η decay were measured in samples of phase space so that these results could be contaminated at the
higher energies by the production of an extra pion [203]. The exclusive HADES result at 340 MeV [204],
where the η decay products were measured in coincidence with the two final protons, shows that this is
probably not a serious concern.
Most of the rapid rise of the total cross section with energy that is apparent in Fig. 34 is merely
a reflection of the Q2 dependence of the non-relativistic three-body phase space. However, if one
modifies this with the one-pole approximation to the S-wave proton-proton final state interaction, the
near-threshold energy dependence becomes [210]
σT (pp→ ppη) = C
(
Q
ε
)2/(
1 +
√
1 +Q/ε
)2
, (5.1)
where C is constant. Since the Coulomb repulsion has here been neglected, there is some ambiguity
in the value to take for the pole position ε and the best fit to the analogous η′ production data [198,
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Figure 34: Total cross sections for pp→ ppη (upper points) and pp→ ppη′ (lower points). The η data
are taken from Refs. [196, 197, 198, 199, 200, 201, 202] (closed red circles), [203] (blue crosses), and [204]
(green star) and the η′ data from Ref. [198, 199] (blue crosses), [205] (green star), and [206, 207, 208]
(closed red circles). The preliminary η point at much higher energy [209] is not shown. The solid curves
are arbitrarily scaled pp FSI predictions of Eq. (5.1).
199, 205, 206, 207, 208] was achieved with ε = 0.75+0.20−0.15 MeV [208], which is quite consistent with the
original assumptions [210].
Whereas all the pp → ppη′ total cross sections are well described by Eq. (5.1) with C ≈ 0.012 µb,
the same is not true for the analogous η case. If this is normalized to the data at Q = 20-30 MeV, then
the curve underpredicts the results at both lower and higher values of Q. In the near-threshold region
this is probably due to the neglect of the strong ηp and ηpp FSI and at high energies higher partial
waves become important, as can be seen from the differential distributions discussed later.
More detailed information can be obtained from looking at differential distributions of the pp→ ppη
reaction in data taken at a single energy [212, 213]. The spectrum of the excitation energy Epp in the pp
system is shown in Fig. 35a at an excess energy of Q ≈ 15.5 MeV [201]. What is immediately striking
here is the sharp peaking of the experimental data at very low Epp that is due to the dominance of
the Ss wave and the very strong final state interaction between the two protons. We are here using
the notation L` to describe the final state, where L is the orbital angular momentum in the pp system
and ` that of the η relative to the diproton. There are minor differences in the literature on how the
FSI is modeled and the curve shown in Fig. 35a does not include Coulomb repulsion or experimental
resolution but it is clear that the model falls well below the data at large Epp. It was suggested that a
new approach was needed for FSI models [214]. A more natural assumption is that at large Epp there
are contributions associated with Ps final waves [215] and the combination of Ss and Ps final waves
describes the data very well.
The most complete exclusive measurements of the pp → ppη reaction were carried out at the
CELSIUS ring at Q = 40 MeV and 72 MeV. In addition to measuring the two final protons, the η was
identified through either its 3pi0 [216] or 2γ [211] decay. The η angular distributions shown at the two
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Figure 35: (a) One-dimensional distribution measured in the pp→ ppη reaction at Q = 15.5 MeV [201];
to a very good approximation the abscissa represents 4mpEpp. The (red) chain curve corresponds to a
phase space distribution and weighting this arbitrarily with the pp S-wave FSI or a P -wave factor gives
the (blue or green) dashed curves. The sum of Ss and Ps contributions (solid black curve) describes well
the shape of the data. (b) c.m. angular distribution of the η in the pp→ ppη reaction at Q = 40 MeV
(lower red points) and 72 MeV (upper blue points) [211]. The curves are linear fits in cos2 θη.
energies in Fig. 35b deviate significantly from isotropy and, if these are parameterized in the form of
dσ/dΩη ∼ 1 + α cos2 θη then one finds that α = −0.42 and −0.46 at 40 and 72 MeV, respectively. This
was taken as evidence for the importance of Sd or Pp partial waves at these energies [211].
Other evidence for the importance of higher partial waves in the pp → ppη reaction is to be found
from inspection of the Dalitz plots measured at 40 and 72 MeV [216, 211]. These show a distinct valley
when the invariant mass of one ηp pair has a similar value to that of the other pair, viz.m(ηp1) ≈ m(ηp2).
It seems that, as the energy is raised and the Dalitz plot opens out, the η cannot resonate simultaneously
with both protons as an N∗(1535). In terms of the partial wave expansion, neither the Sd nor Ps wave
can describe such a behaviour, which requires at least a Pp wave [211]. Since at least three sets of
higher partial waves are required to parameterize the 40 and 72 MeV data, this brings into question
the description of the total cross section given in Fig. 34 by phase space distorted by the proton-proton
final state interaction. At low Q there is some evidence for an ηp FSI but it is hard to include this
together with the pp FSI in anything other than the factorization approximation [217].
All the one-dimensional spectra extracted from the exclusive pp → ppη measurements at 40 and
72 MeV were described in terms of Ss, Sd, Ds, and Ps partial waves, where the only dynamics included
was the pp S-wave FSI [211]. There are, however, nine Pp waves that might potentially contribute and
only one of these nine was retained in the description. Though this choice seems adequate for the
evaluation of the acceptance of the WASA spectrometer, the authors may not have explored the full
range of ambiguity of the parameters. There could, for example, be some conflict of the partial-wave
interpretation with the limited pp → ppη data set reported in Ref. [218] at small angles and low Epp
and clearly more data would be very useful in the low Epp region.
By taking the amplitudes to be constant, apart from the necessary threshold momentum factors, not
only could the data at 40 and 72 MeV be reproduced, but these parameters also describe quantitatively
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the pp and ηp invariant-mass distributions measured at Q = 15.5 MeV [201]. In particular, the fractional
contribution of Ps waves deduced is very similar to that shown in Fig. 35b.
Although there were some measurements of the proton analyzing power in the ~pp → ppη reaction
for Q > 320 MeV [219], the COSY-11 data at 10 and 36 MeV show very low values for Ay, from which
it is hard to draw any firm conclusions [220]. The analysis of a more detailed COSY-WASA experiment
is in progress [221, 222].
5.2 η production in pn collisions
The first indication that η production is much stronger in pn than in pp collisions was found from the
comparison of the numbers of η mesons originating from pd and pp interactions [223, 224]. Since only
the two photons coming from the η decay were detected in the PINOT spectrometer, there was no way
of separating the quasi-free pn → dη production from the pn → pnη reaction. Subsequently both the
two-body pn → dη [225, 226, 227] and the three-body pn → pnη [228, 229] reactions were measured
individually using quasi-free production on the deuteron.
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Figure 36: (a) The pn→ dη total cross section from Refs. [225, 226] (blue triangles) and [227] (green
inverted triangles) and pn→ pnη from Refs. [228] (red open circles) and [229] (black open stars). The
solid (red) curve represents the shape expected from phase space modified by the I = 0 pn final-state
interaction whereas the dashed (blue) one is a simple N∗(1535) resonance shape. (b) The ratio of the
isoscalar total cross sections for pn → pnη [228] to pn → dη [225, 226]. The solid (red) curve is the
final-state-interaction prediction of Eq. (5.2). Arbitrarily scaling this by a factor of 0.85 leads to the
(blue) dashed curve.
The comparison of the results shown in Figs. 34 and 36a show that, away from threshold, the total
cross section for pn→ pnη is about 6.5 times that for pp→ ppη. Since the pn channel is composed of
half isospin 0 and 1, this means that σI=0(NN → NNη) ≈ 12× σI=1(NN → NNη). In a one-meson-
exchange model a large value for the ratio is to be expected if the dominant exchanges are isovector
mesons (pi and ρ) rather than isoscalar (ω and η) but it seems that a ratio of 12 can only be achieved
if the pi and ρ exchanges add constructively in the I = 0 channel and destructively for I = 1 [230].
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At low energies the pn→ dη cross section is much larger than that for pn→ pnη due to the phase
spaces being proportional to
√
Q and Q2, respectively. In the pn → dη case, there seems to be some
evidence for the effects of the S11(1535) resonance because the total cross section quickly changes from
the near-threshold
√
Q behaviour. The points very close to Q = 0, which were taken by placing counters
to detect deuterons that escaped down the CELSIUS beam pipe [227], show an enhancement that is
discussed in Sec. 7.
In the near-threshold region final-state-interaction theory suggests that, if one neglects relativistic
corrections, there should be the simple relation between the pn→ pnη and pn→ dη cross sections [210]:
σI=0pn→pnη ≈
1
4
(
Q
ε
)3/2 (
1 +
√
1 +Q/ε
)−2
σpn→dη, (5.2)
where ε is the deuteron binding energy. In the derivation of Eq. (5.2) it is assumed that the η production
operator is of short range and that the effects of channel coupling through the np tensor force that gives
rise to the deuteron D state can be neglected. In the simplified form presented here, the pn → dη is
taken to follow phase space but shape corrections can be introduced [230]. The predictions are only
relevant for the I = 0 cross section but the small I = 1 contribution can easily be subtracted using the
data from pp collisions. A more important restriction is that Eq. (5.2) only estimates the cross section
where the np emerge in an S wave so that it has to break down at higher values of Q.
The rapid rise from threshold of the pn → pnη cross section in Fig. 36a is rather similar to that
in the pp → ppη collisions in Fig. 34. The shape is well described by Eq. (5.2) for Q . 40 MeV. This
is examined more quantitatively in Fig. 36b, where the σI=0pn→pnη/σpn→dη cross section ratio is compared
to the predictions of Eq. (5.2). The two cross sections were measured simultaneously [225, 226, 228]
and so the big luminosity uncertainty cancels but it is not clear if the small deviations between the
predictions and the data at low Q are due to an oversimplified theory or to systematic uncertainties in
the event identification or the evaluation of Q in the pn→ pnη case. Reducing the predictions by 15%
gives a much better description of the data. What is, however, very clear is that the sharp rise above
Q = 60 MeV is likely to be due to higher partial waves in the recoiling pn system.
It has been argued [229] that the difference in the rise of the pn → pnη and pp → ppη total cross
sections in the first 10 MeV of excitation energy is due to the different np and pp final state interactions,
as described by Eqs. (5.2) and (5.1).
5.3 η′ production in pp collisions
Only three groups have studied η′ production near threshold through the missing mass in the pp→ ppX
reaction and the existing total cross section data [198, 199, 205, 206, 207, 208] are compared to those
for η production in Fig. 34. The first thing to notice is that η′ production is typically a factor ∼ 30
weaker than that of the η so that, for the highest energy point [205], the pp missing-mass criterion
had to be supplemented through an ηpipi selection in order to reduce the background. The even more
striking point is that the curve of Eq. (5.1) describes very well all the available data. This indicates
that the low-energy interaction of the η′ meson with nucleons is far weaker than that of the η. This is
not unexpected because there is no strong analogue of the N∗(1535) sitting close to the η′N threshold
that would boost the interaction.
An interesting by-product of the COSY-11 pp→ ppη′ studies is a new and direct measurement of the
natural width of the η′ [231], Γ = (0.226± 0.017± 0.014) MeV/c2. This is by far the most precise value
in the PDG tabulation [23] and can be used to normalize the decay widths in the different channels.
In order to control the systematic uncertainties, the experiment was performed at five energies close
to threshold where the signal-to-background ratio is especially favourable; the phase space for a four-
body final state (multipion production) decreases faster than that of the three-body ppη as threshold is
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approached. For simple kinematic reasons, the missing-mass resolution also gets better at low Q such
that in the COSY-11 measurement this was ≈ 0.33 MeV/c2 at Q = 0.8 MeV [231], which is comparable
to the line width to be studied.
5.4 The pp→ ppη reaction as a source of η mesons
There is typically significantly more background under a missing-mass η peak in the pp→ ppη case than
for pd→ 3He η. Nevertheless, because of its larger cross section, η production in pp reactions has been
used by the COSY-WASA collaboration to study some of the properties of η decays. For example, using
1.2 × 105 identified η → 3pi0 events, the deviations of the Dalitz plot from isotropy (the α parameter)
could be quantified [232]. Though the result is compatible with the current PDG compilation [23],
some of the experiments reported there, where the η is produced in γp or e+e− collisions, have higher
statistics and less hadronic background.
The COSY-WASA tests for the production of the η′ meson through the pp → ppη′ reaction were
less promising since, in the initial runs, no clear η′ signal was identified [233]. Multipion production
will certainly provide a very significant background [234].
6 Production in proton-nucleus collisions
6.1 Inclusive η production
The measurement of inclusive production of the η meson at 900 MeV and 1 GeV, i.e., well below the
threshold in nucleon-nucleon collisions, was undertaken with the PINOT spectrometer at Saclay [235,
236, 237]. This two-arm photon detector, which had a limited energy resolution and very small geometric
acceptance, was used to study production on 6Li, B, C, Al, Cu, and Au targets. Even taking into
account the much stronger η production in pn compared to pp collisions and a generous interpretation
of the kinematics, the folding model, where the NN cross sections are convoluted with the Fermi
motion, underpredicts the measured cross section [237] by a factor of two once η absorption is taken
into account [238]. There is therefore significant room for two-step production, involving intermediate
virtual pions, that seems to be crucial for the coherent pd→ 3He η reaction discussed in the next section.
6.2 The unpolarized pd→ 3He η reaction
There have been numerous measurements of the pd → 3He η reaction at low energies over the last 30
years, where the 3He nucleus was detected and the η meson identified through the missing mass in the
reaction [181, 182, 239, 240, 241, 242, 243, 244, 245, 246, 247, 248]. The statistical precision is generally
reasonable but the systematic uncertainties, mainly associated with the overall normalization, range
from about 7% in the Saclay measurement [243] up to twice that in most of the other data, except for
the large errors at COSY-11 [246].
As seen in Fig. 37, following a very rapid rise from threshold to be discussed in the next section,
the total cross section reaches a plateau at relatively low values of the excess energy Q. The threshold
cross section is very similar to that of pd→ 3Hepi0, despite the much larger momentum transfers [249].
Although very little structure is seen in the total cross section for Q & 10 MeV, the angular distribution
is far from flat, as illustrated by the recent data from COSY-WASA at 49 and 60 MeV [248] shown in
Fig. 38. The data in the backward direction (the two-nucleon transfer region) are strongly suppressed
and the cross section here falls very rapidly with incident beam energy [240].
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Figure 37: Total cross section for the unpolarized pd(dp)→ 3He η reaction as a function of the excess
energy. The data are taken from Refs. [241] (black filled circles), [243] (open magenta triangles), [244]
(open green circle), [245] (red crosses), and [247] (blue stars). Systematic errors are not shown. The
near-threshold data are shown in Fig. 39.
It is useful to introduce an angular asymmetry parameter α, defined as
α =
d
d(cos θη)
ln
(
dσ
dΩ
)∣∣∣∣
cos θη=0
(6.1)
to describe the behaviour in the middle of the angular range. Away from the threshold region, α is
large and positive.
The data have some similarities to the analogous pd → 3Hepi0 reaction, where the ratio of the
forward to the backward cross section increases fast with Q [250]. In this case much of the effect can
be understood in a single-scattering model based upon the pn → dpi0 with a spectator proton [251].
However, for η production the momentum transfers are so large (≈ 880 MeV/c at threshold) that
very high momentum components would be required in the nuclei and the impulse approximation with
reasonable values for the pn→ dη cross section [227] underestimates the production rate by almost two
orders of magnitude [252].
An alternative approach is needed and Kilian and Nann [253] noticed that the threshold kinematics
for the pd → 3He η reaction fitted well those of the sequential pp → dpi+ followed by pi+n → ηp. The
relative momentum between the proton and deuteron produced in this two-step process is very low
such that these two particles had a good chance of sticking to produce the observed 3He. Although
they only made estimates within a semi-classical Monte Carlo approach, using empirical values of the
pp → dpi+ and pi+n → ηp cross sections, they ascribed the large near-threshold cross section to the
magic kinematics, where the intermediate pion is essentially on-shell, which gives rise to a long-range
interaction.
The near-threshold semi-classical estimates were confirmed in a quantum-mechanical implementation
of the two-step model [254], though there were also significant contributions where the intermediate pion
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Figure 38: Differential cross section for the unpolarized pd → 3He η reaction obtained at WASA-at-
COSY [248] at excess energies of 49 (blue filled stars) and 60 MeV (red open circles), respectively. The
curves are cubic fits in cos θ, where θ is the c.m. angle between the incident proton and the outgoing η.
strayed from its mass shell. Although the near-threshold data could indeed be described in terms of pp→
dpi+ followed by pi+n→ ηp, when this approach was tried at higher energies [255] it predicted differential
cross sections that were backward peaked, in complete contrast to the experimental data [244, 245, 248].
The kinematics become less magic away from threshold and it is possible that the defect in the model
is associated with the neglect of the off-shell behaviour of the pp→ dpi+ amplitude.
6.2.1 Near-threshold data
Of especial experimental and theoretical interest is the behaviour of the pd→ 3He η cross section in the
very low Q region. Although this had been investigated at a few energies in earlier experiments [241,
243], more detailed measurements were carried out by two groups at COSY [181, 182] using a deuteron
beam, where the spectrometer acceptance is enhanced. The two data sets are broadly consistent and
only the ANKE results for the total cross section are shown in Fig. 39.
What is absolutely striking here is the fact that the rise to the plateau is achieved within the first
1 MeV. This scale is such that it must reflect the behaviour of the η3He system, i.e., be due to a
final-state interaction (FSI) [137]. To investigate this in greater detail, let us evaluate the average
amplitude-squared through
|f |2 = pd σT (dp→ 3He η)/4pipη, (6.2)
where pd and pη are the deuteron and η c.m. momenta.
The rapid rise in the cross section shown in Fig. 39 indicates that there must be a pole in the
production amplitude near Q = 0 and so we parameterize this in the form
fs =
fB
(1− pη/p1)(1− pη/p2) · (6.3)
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Figure 39: Total cross section for the unpolarized dp→ 3He η total cross section measured at COSY–
ANKE [181] in terms of the excess energy Q and η c.m. momentum pη. The (red) curve represents the
smeared fit of Eq. (6.2) with parameters given in Eq. (6.4).
Here p1 and p2 could be expressed in terms of the scattering length and effective range but the pi
parameters are far less coupled in the fits.
After taking into account the momentum distribution in the circulating deuteron beam and the
smearing connected with the measuring apparatus, the best fit was achieved with [181]
p1 = [(−5± 7 +2−1)± i(19± 2± 1)] MeV/c
p2 = [(106± 5)± i(75± 12 +1−2)] MeV/c, (6.4)
where the first error is statistical and the second systematic. Note that these data cannot determine
the sign of the imaginary parts of the pi, a point that is critical in the discussion of η-mesic nuclei
in Sec. 7. The second pole is an effective one whose position is unstable to changes in the data
selection but p1 represents a genuine singularity which, in the excess energy plane, is situated at Q0 =
[(−0.36± 0.11± 0.04)± i(0.19± 0.28± 0.06)] MeV. Therefore, with zero momentum bite and perfect
apparatus, the rise in Fig. 39 would be even more precipitous with |Q0| ∼ 0.4 MeV.
Further evidence for the pole hypothesis is to be found in the variation of the angular distribution
with pη. There were already indications in the Saclay data [243] that very close to threshold the data
were a little stronger in the backward hemisphere, i.e., the parameter α of Eq. (6.1) was slightly negative.
This behaviour was confirmed in the two COSY experiments [181, 182] and their results are shown in
Fig. 40.
At low Q the parameter α reflects the interference between s and p waves and, if both the magnitude
and the phase of the s-wave amplitude vary fast over the first few MeV due to the pole, then this will
affect the momentum dependence of α. The best fit in Fig. 40 assuming a constant s-wave phase does
not allow α to go negative but, if the phase variation with pη determined by Eq. (6.3) is taken into
account then one can reproduce much better the shape of the α measurements [256]. Therefore it seems
that the pole hypothesis in the s-wave production amplitude is on quite firm foundations.
In contrast to the extensive data set available for η production, the only published value of the
pd → 3He η′ cross section was obtained within the context of the threshold study of heavy meson
production [257]. It is important to note here the relative weakness of η′ production, with the ratio of the
squares of the threshold amplitudes being a mere |f(pd→ 3He η′)|2/|f(pd→ 3He η)|2 ≈ 5× 10−4 [257].
In a two-step model, η′ production certainly seems to be anomalously weak in this channel compared
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Figure 40: Angular asymmetry parameter α of the dp→ 3He η reaction defined in Eq. (6.1) measured
at COSY-11 [182] (red open symbols) and COSY-ANKE [181] (blue closed symbols). Also shown are
the fits to the ANKE data with (solid black line) and without (dashed magenta line) taking the s-wave
phase variation into account [256].
to φ production [258]. As a consequence the signal/background ratio is likely to be very unfavourable
and a value of ≈ 1/40 was found experimentally at COSY-WASA at Q ≈ 64 MeV [233], and this
makes it doubtful as a source of η′ for decay studies. The preliminary total cross section estimate of
≈ 0.6 nb/sr corresponds to |f(pd → 3He η′)|2 ≈ 0.2 nb/sr, which is lower than the threshold value of
0.9± 0.2 nb/sr [257].
6.3 The polarized ~dp→ 3He η reaction
The anomalous energy dependence near threshold of the dp → 3He η total cross section, which jumps
to its plateau value within the first 1 MeV of excess energy Q [181, 182], is evidence for a strong s-wave
η 3He final state interaction leading to a pole in the production amplitude for |Q| < 1 MeV [137]. If
this is indeed true, then the FSI should manifest itself in broadly similar ways for different entrance
γ3He → η3He channels that give rise to the same η 3He final state. The recent photoproduction data
show a steep increase in the first 4 MeV bin above threshold (see Fig. 28) [180], though the experiment
could not determine well the pole position.
In the dp → 3He η reaction the s-wave η 3He final state can be accessed from either the total spin
S = 3
2
or the S = 1
2
initial states and the differences will influence the deuteron tensor analyzing power
t20 in the reaction. The pure s-wave FSI hypothesis would require that t20 should remain constant,
despite the strange behaviour of the unpolarized cross section.
The tensor analyzing power of the ~dp → 3He η total cross section has recently been measured in a
missing-mass experiment at COSY from threshold up to Q ≈ 11 MeV [259]. The results are indeed
consistent with a constant value of t20, which offers strong support to the FSI interpretation of the near-
threshold energy dependence. It is important to note here that the detection system is independent
of the deuteron beam polarization so that many of the systematic effects cancel. The experiment also
seems to show that the forward/backward difference in t20 is much smaller than for the unpolarized
cross section [181] and this, together with the small value found for the vector analyzing power it11, are
both useful elements in constraining the amplitude structure near threshold.
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6.4 The pd→ pdη reaction
Since a two-step model describes much of the near-threshold pd → 3He η data, it would be interesting
to see if this approach is equally successful for the unbound 3He states, i.e., for the pd→ pd η reaction.
There have been two measurements of the reaction, where the proton and deuteron were detected [260,
261], and the resultant total cross sections are shown in Fig. 41.
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Figure 41: Experimental values of the pd → pd η total cross sections from Refs. [260] (red circles)
and [261] (blue stars). These are compared with predictions [262] of the pick-up contribution (magenta
chain) and the two–step model (blue dotted), and their incoherent sum (black dashed curve). The solid
(red) curve is a phenomenological fit on the basis of Eq. (6.5) with C = 350 nb.
Near threshold it is predicted [262] that the two-step model, similar to that used to explain the
threshold pd→ 3He η reaction, should dominate but, as Q approaches the threshold in nucleon-nucleon
collisions, then the quasi-free pn → dη (pick-up) contribution becomes larger. In all cases the impulse
approximation (triangle graph) is negligible. The incoherent sum of these contributions is at least a
factor of two too low but this defect is very similar to that found for pd→ 3He η.
There is some evidence from the effective mass distributions measured at Q ≈ 72 MeV for a signif-
icant distortion in the ηd spectrum corresponding to a large ηd scattering length [261]. On the other
hand, the spectra do not seem to be affected by the existence of the 3He bound state. Nevertheless, the
data are well represented by the phenomenological form [210]
σT (pd→ pd η) = C (Q/ε)2
/(
1 +
√
1 +Q/ε
)2
, (6.5)
where ε = 5.5 MeV is the pd binding energy in 3He and the best fit shown in the figure is achieved with
C ≈ 350 nb.
If one neglects spin-quartet production and considers only the 3He pole then one expects that [210]
C = 1
4
√
ε/Q× σT (pd→ 3He η)
∣∣∣
Q=0
≈ 450 nb. (6.6)
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Although the extent of the agreement here may be fortuitous, it does emphasize the close link
between the pd→ 3He and pd→ pd η reactions. Nevertheless, it is clearly a challenge to theory when,
as in this case, there are strong final-state interactions in both the pd and η d channels.
6.5 The η-meson mass
There have been several modern measurements of the η mass that relied on detailed studies of the
decay products of the meson [263, 264, 265] but there have also been two recent ones that involved
measurements in production reactions [61, 266], and these illustrate contrasting approaches.
The determination of the mass of the η meson, mη, in any two-body reaction requires the careful
measurement of both the beam energy and also the excess energy Q in the reaction. Systematic effects
are, however, minimized if the data can be extrapolated to the threshold, i.e., to Q = 0. In the study
of the γp→ ηp reaction with the Crystal Ball at MAMI [61], the photon beam energy was determined
macroscopically, starting with a precise measurement of the bending radius of the electron beam in the
first dipole magnet. A total uncertainty of σ(Eγ) = 98 keV was found. The reaction itself was identified
cleanly through both the η → 2γ and η → 3pi0 → 6γ decay modes, though a very small background,
originating from the target windows, had to be subtracted. The threshold energy, Ethr, of the reaction
was determined by extrapolating the arbitrarily normalized cross section to zero, assuming pure s-wave
dominance, viz. σ(Eγ) ∝
√
Eγ − Ethr. Consistent results were obtained from the two decay modes
studied and the overall value quoted,
mη(MAMI) = (547.865± 0.031stat ± 0.062syst) MeV/c2,
agrees well with other modern measurements [263, 264, 265] and with the PDG compilation [23]. The
dominant element in the 62 keV/c2 systematic uncertainty originates from the determination of the
beam energy.
In the pd(dp)→ 3He η reaction near threshold, the meson can be identified through the missing-mass
peak in the reaction. However, in the two cases where the beam energy was determined through the
measurement of other two-body reactions that fell within the spectrometer acceptances [267, 268], the
values obtained for the mass were about 0.5 MeV/c2 lower than the current PDG average [23].
In a new experiment using the ANKE spectrometer at the COSY storage ring, the internal cluster-
jet target had no windows [266]. The momentum of the circulating beam was determined with a
relative precision of 3×10−5 by using a polarized deuteron beam and inducing an artificial depolarizing
resonance, which occurs at a well-defined frequency that depends only upon the particle’s speed.
The small background under the η missing-mass peak was estimated reliably using data obtained
just below threshold. However, unlike the MAMI γp → ηp measurement [61], the extrapolation to
threshold was not carried out using the energy dependence of the cross section. Rather, at the 11
points measured above threshold, the excess energy was evaluated from the size of the 3He momentum
ellipse in the ANKE focal plane, for which very detailed studies of the spectrometer characteristics had
to be undertaken. The result,
mη(ANKE) = (547.873± 0.005stat ± 0.027syst) MeV/c2,
though agreeing with the PDG average [23], has the best statistical precision of all the experiments
and, arguably, the best systematic precision also.
Although it was kinematics rather than cross section that were extrapolated to threshold, a com-
petitive measurement of the η mass was only possible due to the η3He s-wave FSI such that, as shown
in Fig. 39, the cross section plateau is already reached for Q < 1 MeV. Thus it would be much harder
to extract a reliable value for the pi0 mass from dp → 3Hepi0 data because final-state p-waves are very
significant here, even at very low values of Q [249].
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6.6 The p 6Li→ 7Be η reaction
The inclusive cross sections for η production reported in Sec. 6.1 are generally very small and the only
hope for measuring an exclusive reaction is in the case of the 6Li target. However, when the p6Li→ 7Be η
reaction was identified through the 2γ decay of the η [224] the resolution was not sufficient to decide the
relative contributions of the first four or more levels of the 7Be nucleus to a c.m. differential cross section
of dσ/dΩ = 4.8±3.8 nb/sr at θc.m.η ≈ 25◦. In a later experiment, at a lower value of Q [270], the recoiling
7Be nucleus was detected and the η identified through the missing-mass peak in the reaction. In this
case the measured dσ/dΩ = 0.7 ± 0.3 nb/sr must correspond to the production of the ground-state
doublet in 7Be because higher states decay via the break-up of the nucleus.
The reaction has been studied in a cluster-model approach [271], where the initial and final nuclear
states were described in terms of their αd and ατ components, respectively. In this model the process
is assumed to be driven by pd → 3He η with the initial d and final τ in the two nuclei. Apart from
the intrinsic crudeness of this approach, the calculations are made much more uncertain by the limited
knowledge of cluster wave functions for such a large momentum transfer reaction. Nevertheless, as
shown explicitly in Ref. [270], the model is compatible with both data sets and this suggests that it is
the excited L = 3 doublet that dominates in the final state in the earlier experiment [224]. The relative
strengths of the final 7Li states is similarly ambiguous in the γ7Li→ η7Li reaction [147].
6.7 The dd→ 4He η reaction
The third well-identified nuclear state where the s-wave η–nucleus final-state interaction can be usefully
investigated is that of 4He. Since the final s-wave is forbidden in the γ4He→ η4He reaction, and neither
the p3H → η4He nor n3He → η4He is experimentally appealing, this final state has been studied in a
series of measurements of the dd→ 4He η reaction [272, 273, 274, 275]. It is first important to note that
the threshold cross section is about fifty times lower than that of pd→ 3He η, so that its measurement
represents much more of a challenge.
Due to the identical nature of the two deuterons in the initial state, there are strong angular
momentum constraints on the amplitude structure of this reaction, which can be written in the c.m.
frame as:
M = A(~ε1 × ~ε2) · pˆ+B(~ε1 × ~ε2) · [pˆ× (~pη × pˆ)] (~pη · pˆ)
+C [(~ε1 · pˆ)~ε2 ·(~pη × pˆ) + (~ε2 · pˆ)~ε1 ·(~pη × pˆ)] , (6.7)
where the ~εi are the polarization vectors of the two deuterons, pˆ the direction of one of the incident
deuterons, and ~pη the momentum of the final η meson. The three scalar amplitudes A, B, and C are
functions of pη
2, p2, and (~pη · ~p)2 = p2ηp2 cos2 θ, where θ is production angle of the η meson.
At threshold (pη = 0) the only non-zero contribution comes from the A amplitude and the reaction
is then forbidden if the magnetic quantum number of either deuteron is m = 0. The Cartesian tensor
analyzing power then becomes Axx = −12 . Although the initial SPESIV experiment was carried out
with unpolarized deuterons [272], the resolution at the SPESIII spectrometer was insufficient to identify
the η peak cleanly [273]. By using a tensor polarized beam and assuming that the background had
only a weak analyzing power, they were able to use the m = 0 data to model the background and thus
extract the m = ±1 cross section. Since the m = 0 cross section is negligible in the near-threshold
region, this allowed the unambiguous evaluation of the total cross section and this is confirmed through
the comparison of the polarized [273] and unpolarized [272] cross sections at low energies.
Away from threshold the angular distributions are no longer flat [274] but it is not possible from
an unpolarized cross section to determine whether this anisotropy arises from the square of the p-wave
amplitude, C, or from s–d interference involving the A and B amplitudes. The measurement of Axx
away from threshold at Q = 16.6 MeV has a large scatter but these data have been interpreted as
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suggesting that the p-wave amplitude C is very small [275]. From the values of the fit parameters at
16.6 MeV and assuming that the η d-wave amplitudes vary with threshold factors of p2η, it is possible
to attempt an extraction of the square of the magnitude of the s-wave amplitude [275], and the results
of this are shown in Fig. 42.
Figure 42: Experimental values of the square of the dd → 4He η s-wave amplitude extracted using
the methodology presented in Ref. [275]. The data are taken from Refs. [272] (red open circles), [273]
(blue stars), [274] (green crosses), and [275] (black closed circle). The curve is a scattering-length fit:
|f0|2 = 34/[1 + (pη/64)2] nb/sr, where pη is measured in MeV/c.
In the scattering-length approximation, only one pole in Eq. (6.3) is considered and the s-wave
production amplitude is taken in the form f0 = fB/(1 − pη/p1). The best fits to the data shown in
Fig. 42 are achieved with a positive value for the the real part of p1, which is forbidden by unitarity [181].
Putting this to zero, the curve shown in the figure was obtained with Im(p1) = ±(64 ± 10) MeV/c
and |fB|2 = 34 ± 1 nb/sr, which corresponds to a pole in the amplitude at an excess energy |Q0| =
4.3± 1.3 MeV [275]. The sign of Im(p1) cannot be fixed by these real η-production data and this leaves
the location of the pole in the complex Q plane even more uncertain, a point that we shall return to
in the discussion of possible η-mesic nuclei. The curve does not describe well the highest momentum
point but keeping only the first pole in Eq. (6.3), i.e., neglecting the effective range, is clearly a dubious
approximation at such high pη.
6.8 The pd→ 3He η reaction as a source of η mesons
Since the total cross section for the pd → 3He η reaction shown in Fig. 39 reaches a plateau so close
to threshold, it means that the multipion background under the η peak at low Q is very limited [181].
It was already suggested at the time of the first near-threshold measurements [241] that this reaction
could be a useful source of tagged η-mesons to study their decay properties.
Various decays were indeed studied by the WASA collaboration at both CELSIUS and COSY using
this reaction [276, 277, 278]. Although the signal-to-background ratio is much more favourable than
for the pp→ ppη reaction that was mentioned in Sec. 5.4, the η production rate is not high enough to
measure really low branching ratios. Furthermore, when the meson is produced in e+e− collisions or
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is photoproduced there is little or no hadronic background and the reaction tends to be much cleaner.
The production rates are also high. As a consequence, it seems that the parameters in most decay
channels are generally better determined at electron accelerators [23].
6.9 The pd→ 3He η pi0 reaction
The only published measurement of the pd→ 3He η pi0 reaction [279] was carried out at 1450 MeV using
the WASA detector at CELSIUS (Uppsala). At this energy the whole of the D33(1700) discussed in
Secs. 2.1.3 and 3.2 could not be scanned. Nevertheless there was some evidence for a cascade decay
proceeding via a ∆(1232)η intermediate state. However, when this experiment was repeated using
WASA at COSY at higher energy, there was little clear evidence for such a decay chain [280].
7 η-mesic nuclei
Due to the presence of the N∗(1535) overlapping the ηp threshold, the low energy ηp interaction is very
strong and attractive [281]. Moreover, since the η is an isoscalar meson, this must also be true for the
ηn system. This suggested to Haider and Liu that the attraction might be sufficiently strong as to
cause the η meson to bind to a nucleus [282]. The first estimates were based upon the simple tρ optical
potential and, although there is a reasonable consensus as to what to take for the imaginary part of
the ηN scattering length aηN , the same cannot be said for the real part, where values ranging between
0.27 fm and 0.98 fm are to be found in the literature [283]. Part of the difficulty here is that, because
of the N∗(1535) resonance, the ηN scattering amplitude has a strong energy dependence and there is
uncertainty in how this should be taken into account.
Haider and Liu [282] took a relatively low value for Re(aηN) and, as a result, they only found binding
for 12C and heavier nuclei. Although there may be poles in the complex energy plane for lighter nuclei,
these would correspond to antibound (or virtual) states. Despite not being bound, such poles might
still affect nuclear reactions in a similar way to how the antibound 1S0 state may be more important
than the bound 3S1 deuteron state in low energy neutron-proton scattering. It is perhaps useful to stress
here that, due to the possibility that a mesic nucleus could decay via pion emission, described by the
imaginary part of the potential, even for strongly attractive potentials a state is at best quasi-bound.
By increasing the size of the real part of the scattering length Re(aηN) from 0.27 fm to 0.51 fm, the
simplistic potential model predicts quasi-bound η-mesic nuclei down as far as 4ηHe [283] but this at the
expense of generating states with decay widths in the p-shell nuclei of the order of 10-15 MeV. Since
an η would be expected to stick to an excited nuclear level with about the same binding energy as for
the ground state [284], the search for such states is clearly made much more difficult when the decay
width is larger than the nuclear level spacing.
Several attempts have been made to refine the binding estimates but in the tρ model one is faced
with the choice of energy at which the amplitude t should be evaluated. The value is influenced by the
nuclear as well as by the η binding energy and in a recent paper [285] this was estimated in a much
more self-consistent way than in earlier approaches. However, even this is not on safe grounds because
we don’t know how the N∗(1535) itself behaves inside a nucleus. Is it more bound or less bound than
a nucleon?
There have been two approaches to the experimental search for η-mesic nuclei. The first involves the
study of real η production near threshold, where one attempts to extrapolate in energy to the η-mesic
pole. The detection of an emerging η does overcome the large multipion background. This has been
partially successful for light nuclei but it is important to note that these above-threshold measurements
can never distinguish between a bound and an antibound state. The alternative approach is to look
directly in the bound state region, possibly trying to select kinematic regions where the decay of the
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η-mesic nucleus might be favoured. Although more direct, this approach faces more severe background
problems. We consider these two alternative approaches separately.
7.1 Real η production
The data and the analysis of the near-threshold dp→ 3He η reaction [181, 182] clearly show that there
is a pole in the production amplitude at an excitation energy Q0 = [(−0.36 ± 0.11 ± 0.04) ± i(0.19 ±
0.28± 0.06)] MeV which is most likely a property of the η3He system. The sign of the imaginary part
of Q0, i.e., bound or antibound, can never be determined from data on real η production. Moreover, the
errors on the real and imaginary parts are strongly correlated in fits to the data. The presence of such
a pole is also reflected in the rapid rise in the total cross section of the γ3He → η 3He reaction [180].
The angular distributions for producing the η3He system in dp or γ3He collisions also show anomalous
behaviour near threshold [256, 180] that are consistent with the pole hypothesis.
The s-wave η3He system can be accessed in the dp→ 3He η reaction from deuterons with magnetic
quantum number |m| = 1 or m = 0 and, in principle, these different entrance channels could yield
poles in different positions in the Q plane. The low value of the tensor analyzing power t20 found in
the initial Saclay experiment [241] shows that the production from these two initial states is roughly
equal so that, if there were two poles, they would be populated with about the same intensity. Fitting
them with a single pole model would then give a contribution to the width that was of the same order
as the difference in the two pole positions. However, the fits to the data [181, 182] lead to a very small
value of Im(Q0), which suggests that one could safely dismiss the two-pole hypothesis. A more direct
proof of this conclusion is provided by the measurement of t20 as a function of energy [259]. One may
therefore conclude that the pole in the dp→ 3He η reaction is indeed a property of the η3He system.
The s-wave η4He system cannot be accessed in a two-body photoproduction reaction but several
experimental studies have been undertaken in the dd→ 4He η reaction. However, the cross section is a
factor of about 50 lower than that for dp→ 3He η reaction and so the results are necessarily less precise
than in the η3He case. The exact location of the pole in the complex Q plane is far more uncertain
because the data are not very sensitive to the phase of Q0 and its magnitude has also a comparatively
large error, |Q| = 4.3± 1.3 MeV [275]. It was argued by Willis et al. [273] that an η would be attracted
more to 4He than to 3He because of the extra nucleon and the smaller nuclear radius. Hence, since |Q0|
is bigger for 4He, it would imply that η4He is quasi-bound. This reasoning has been recently questioned
on the grounds that the attraction might be weakened in 4He due to the strong nuclear binding [285].
The quasi-free pn → dη total cross section discussed in Sec. 5.2 was measured in two experiments
at CELSIUS [225, 226, 227]. Although the cross section is larger than that for the pd→ 3He η reaction,
the detection of the two photons from the η decay in coincidence with the fast deuteron had a much
reduced acceptance and energy resolution. The resolution was better at lower energy when the deuteron
and proton from the dp→ dpη reaction were measured in coincidence with two photons [261]. In both
sets of experiments there is evidence for an enhancement at low ηd invariant masses and, to make this
more explicit, the data have been divided by an arbitrarily normalized phase space in Fig. 43. We
do not show here the near-threshold data of Ref. [286], where there are uncertainties in the multipion
background.
It is possible that the shape of the sub-threshold pd→ pd η ratios [261] shown in Fig. 43 are distorted
by the reaction mechanism such that it is not valid to divide by the three-body phase space. This point
will be resolved when the new detailed measurements of the differential and total cross sections of the
quasi-free np→ dη near threshold become available [288].
Since there are only three particles in the ηnp system, the final state interaction is then theoretically
much more tractable and the Alt-Grassberger-Sandhas equations have been resolved for various ηN
inputs [287]. Taking aηN = 0.25 + 0.16i, 0.55 + 0.30i, and 0.98 + 0.37i fm, this group found η-deuteron
scattering lengths of aηd = 0.73 + 0.56i, 1.64 + 2.99i, and −4.69 + 1.59i fm, respectively. The enhance-
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Figure 43: Ratio of the cross section for the production of the d η system to arbitrarily normalized
phase space (red stars) as a function of the energy Q above the ηd threshold [225, 226, 227] and similarly
for the pd→ pd η reaction at 1032 MeV (closed blue circles) [261]. The broken (blue), solid (black) and
chain (magenta) curves are the predictions of the scattering length formula with input aηd = 0.73+0.56i,
1.64 + 2.99i, and −4.69 + 1.59i fm, respectively [287].
ments expected with these scattering lengths are also shown in Fig. 43. The first aηN input, which is
quite close to that used by Haider and Liu [282], does not give a sharp enough enhancement. The other
two can describe the data quite well but, as for the 3ηHe and
4
ηHe cases, the results cannot distinguish
between the quasi-anti-bound situation, where Im[aηd] > 0, and the quasi-bound, where Im[aηd] < 0.
The only other cases where the near-threshold production of the η meson from a nucleus was studied
involves A = 7 final states. The statistics in the p6Li→ 7Be η measurements were paltry [269, 270] and,
in the more extensive γ7Li→ η7Li data [147], the separation of the nuclear levels is ambiguous and the
lack of clean results at very low values of Q does not permit the extraction of the associated enhancement
factors.
The most straightforward (but not unique) interpretation of the data on light nuclei is that the ηd
system is unbound, the η4He is bound, but that the η3He case is ambiguous. What is remarkable for
η3He is the small value of the imaginary part of the pole position, Im[Q0] = (0.19±0.28±0.06) MeV [181].
By adjusting the interaction strength it is possible to get the real part to be close to zero but, in a
simple optical potential approach, one only achieves a small imaginary part if the imaginary part of the
potential is itself unreasonably weak [289].
7.2 Virtual η production
Since the production of real η mesons can never distinguish between the bound and anti-bound hy-
potheses, the temptation is to look directly below threshold and search for other decay modes of an
η-mesic nucleus. The difficulty in this approach is that, without the η trigger, the multipion background
might be hard to overcome. Inspired by the work of Haider and Liu [282], searches were undertaken at
Brookhaven [290] and LAMPF [291] using pion beams and measuring the inclusive (pi+, p) reaction on
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various nuclei with the hope of finding a missing-mass peak corresponding to a bound η-mesic nucleus.
No conclusive signals were identified in either experiment despite, in the LAMPF case [291], detecting
in coincidence charged particles from the decay of the supposed η-mesic nucleus.
A significant fraction of the decays of such an exotic nucleus might be through the ηN → piN reaction
and, if one neglects the Fermi motion in the nucleus, the pion and proton should come out back to
back in the nuclear rest frame. The searches at the Lebedev Physical Institute of the γ12C→ pi+nNX
reaction with correlated back-to-back pi+n pairs did not have a good enough resolution to identify a
peak coming from an η-mesic nucleus [292]. A similar experiment that searched for the two-nucleon
decay of an η-mesic nucleus has yet to yield conclusive results [293] but it is possible that this branching
ratio might have been overestimated [289].
The search for back-to-back pi−p pairs was also pursued at JINR using a deuteron beam [294]. A
peak was found in the pi−p invariant mass just below the ηN threshold but there was no indication that
this was associated with an η-mesic nucleus.
Figure 44: Counts for the p27Al→ 3He p pi−X reaction as a function of the excess energy in the η25Mg
system [295].
The strongest claim for the discovery of a peak arising from the production of an η-mesic nucleus
was made by the COSY-GEM collaboration after measuring the p27Al→ 3He p pi−X reaction [295]. The
kinematics were cunningly chosen such that, for a weakly bound state, the η was produced almost at
rest so that it had a higher chance of sticking to the residual nucleus. As in the Russian experiments,
the emerging proton and pion were detected close to the back-to-back region. The resulting spectrum
is shown in Fig. 44 as a function of the excess energy in the 25ηMg system. The authors suggest that
the excess of events for Q ≈ −13 MeV with a width FWHM of ≈ 10 MeV might be a signal for a 25ηMg
bound state. If this were indeed the case, then the production cross section for this state is estimated
to be 0.46 ± 0.16(stat) ± 0.06(syst) nb. If, on the other hand, it is a statistical fluctuation, this result
should be interpreted rather as an upper limit.
The initial measurements of the γ3He→ pi0pX reaction [179] were very encouraging since, for back-
to-back pi0p pairs, an enhancement was found in the total centre-of-mass energy just below the η3He
threshold. Although the significance of this peak was questioned at the time [296], this did seem like
prima facie evidence for the decay of 3ηHe into the pi
0p(pn) channel. As already mentioned in Sec. 3.2,
the later and more detailed study of this reaction [180] looked at events with different ranges of pi0p
opening angles and found that for each angular range there were similar oscillations as a function of
the c.m. energy but that these were displaced with respect to each other. It therefore seems accidental
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that the maximum in the back-to-back data is close to the η3He threshold. The newer measurements
did not therefore support the claim for the photoproduction of a quasi-bound system decaying via pion
emission.
Back-to-back pip pairs were also measured in deuteron-deuteron collisions, where evidence was sought
for the dd→ 4ηHe→ pi−p3He reaction [297]. No unambiguous signal was found for this decay, for which
the upper limit put on the total cross section was ≈ 20 nb, depending upon the width of the state [297].
Simple estimates that start from data on the production of real η mesons suggest that the total cross
section for dd→ pi−pX passing through the 4ηHe state might be of the order of 30 nb [289], but the X
here refers to all three-nucleon states and not just the 3He measured at COSY-WASA [297]. An upper
limit of about 270 nb was found for the pd → 3ηHe → pi−ppp [298] compared to a phenomenological
estimate of about 80 nb [289], though it is far from certain that the 3ηHe pole lies in the quasi-bound
region [181].
The calculations in Refs. [289] and [299] are crude but a crucial point that both stress is that data
on virtual η production should not be treated in isolation from the data on real η production.
7.3 Possible η′ nuclei
The transparency experiments discussed in Sec 3 seem to show that the imaginary part of the η′-
nucleus potential is quite small, though these measurements were carried out for an η′ momentum
≈1.05 GeV/c [153]. Model-dependent estimates of the real part of the η′-nucleus potential from measure-
ments of inclusive η′ photoproduction from a 12C target suggest an attraction of depth ≈37 MeV [168].
These arguments were behind the proposal to search for η′ mesons bound in a nucleus [20, 300].
A counter argument would point to the COSY11 measurements of the pp → ppη′ total cross sec-
tion [206, 207, 208]. As is very evident in Fig. 34, the near-threshold data show no sign of any significant
η′-proton interaction and any model dependence here is very limited. Furthermore, the production of
η′ in the pd → 3He η′ reaction near threshold is about three orders of magnitude weaker than for the
η [257]. As a consequence, searches for η′-mesic nuclei might be even less fruitful than those for the η.
8 Conclusions and outlook
We have reviewed the production of η and η′ mesons and ηpi pairs with both photon and hadron beams.
Reactions on free protons and quasi-free protons and neutrons bound in light nuclei were treated, as
well as events where the whole nucleus played a more intrinsic role. Though electroproduction was not
explicitly considered, it is abundantly clear that, due to the limited availability of pion beams, most
of the important information in the ηN and η′N sectors will come from electromagnetic probes. This
is already true with the existing data set but it will be reinforced by the abundant data for single and
double polarization observables still under analysis or yet to be taken. A careful analysis of these data
will certainly cast more light on the missing I = 1
2
N? resonances. Furthermore, also the investigation
of the decays of this mesons in view of their transition form factors and fundamental symmetries is
shifting from hadron induced reactions to electromagnetic production; but this would be the topic of a
different review.
The low energy ηN system, accessed with either photon or pion beams, clearly shows evidence for
the dominance of the S11(1535) isobar. This sits close to the threshold and it has roughly 50% branching
ratios into both ηN and piN channels. This ensures that the low energy η-nucleon interaction is strong
(and attractive). The strength is also reflected in the energy dependence of the pp → ppη total cross
section and, most spectacularly, in the dependence of the η 3He yields near threshold in both γ 3He
and dp collisions. The variation of the angular shape and the spin dependence all suggest that there
is a quasi-bound or quasi-virtual state very close by. However, none of the experiments that detect a
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real η-meson emerging can ever separate these two possibilities. On the other hand, experiments that
searched for other decay modes of the mesic nuclei below threshold have been rather negative or, at
best, inconclusive.
Experiments to study the η′ have been hampered by its much smaller production cross section and
the lack of such a clean decay signal to identify the meson. It is, however, clear that there is no
equivalent of the S11(1535) isobar to dominate the low-energy η
′N system. Though there are attempts
to search for η′ bound to nuclei, such experiments will certainly be challenging.
Surprisingly, in the threshold region photoproduction of ηpi pairs is already much better understood
than production of η′ mesons. In a sense, the ηpi final state is more similar to η production because
it is also clearly dominated by the excitation of one single nucleon resonance, namely the D33(1700),
which decays for example via the ∆(1700) → η∆(1232) → ηNpi chain. This is reflected in the Dalitz
plots of the reaction, angular distributions, kinetic energy spectra of the mesons, and also the isopin
dependence of the reaction.
The production of the ηpi system might be more interesting for the mesic nucleus hunt and the
γ 4He→ pi0η 4He reaction might allow one to investigate the low energy η 4He system to compare with
the data extracted from the dd → η 4He reaction. However, in both these cases a real η meson is
produced and so neither will give an unambiguous result regarding the possible binding to the nucleus.
More data is likely to appear from proton-induced reactions. Some new data for pion-induced re-
actions may also arise from, for example, the HADES experiment at GSI. However, over the next few
years it will still be information from electron machines that is likely to dominate the database because
several of the facilities and experiments will undergo upgrades. We look forward to this with anticipa-
tion!
Many people have helped us over the years to research this material and it would be invidious to
pick any out. However, we would like to remember two workers in the field, Ben Nefkens and Sven
Kullander, who left us earlier this year.
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9 Appendix A: Comparison of conflicting γn→ nη results
As mentioned in Sec. 2.1.1, the kinematically reconstructed results from the ELSA [43] and MAMI
[44, 50] experiments for quasi-free η-production off the deuteron differ in absolute scale. At the left
hand side of Fig. 45, the quasi-free results without kinematic reconstruction are shown as functions of
the incident photon energy Eγ. In contrast to the kinematically reconstructed data, they are in excellent
agreement for protons and in reasonable agreement (within systematic uncertainties) for neutrons.
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Figure 45: Left: comparison of quasi-free γN → Nη data for deuteron targets from ELSA
[56] and MAMI [44, 50]. Centre: comparison of the RI(Eγ) factors (see text) for quasi-free
protons [43, 44, 45]. Right: the same comparison for quasi-free neutrons.
Since the kinematic reconstruction removes only the effects from Fermi motion, it may change the
shape of the observed cross section, but the integral over energy should be conserved (there could be
small effects from the finite range of integration but, since the cross section is small and rather flat
at the high energy limit, these effects cannot be important). Consequently, the Fermi-smeared cross
section σ(Eγ) and the cross section σ(W ) from kinematic reconstruction as function of W should be
related by: ∫ E(2)γ
E
(1)
γ
σ(Eγ) dEγ ≈
∫ W (2)
W (1)
σ(W )
δEγ
δW
dW (9.1)
for E
(1)
γ below the η production threshold and E
(2)
γ >> E
(1)
γ . Since W =
√
2EγmN +m2N , this means
that ∫ E(2)γ
E
(1)
γ
σ(Eγ) dEγ ≈ 1
mN
∫ W (2)
W (1)
σ(W )W dW (9.2)
and thus
RI ≡ (1/mN)
∫
σ(W )W dW
/∫
σ(Eγ) dEγ → 1 (9.3)
for Eγ >> E
thr
γ . It is shown in Fig. 45 that the MAMI deuteron [44, 50] and
3He [45] experiments approx-
imately respect this relation for quasi-free protons and neutrons, while the ELSA deuteron data [56, 43]
behave differently. This implies that there is some inconsistency between the absolute normalization of
the Fermi-smeared and the kinematically reconstructed data for the ELSA deuteron experiment.
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